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ABSTRACT 
Susan Michelle Lyons: Behavioral and monoaminergic responses to the social environment 
throughout the life of a songbird (Melospiza lincolnii) 
(Under the direction of Keith Sockman) 
Individuals live in dynamic social environments and should benefit from integrating 
information about their environment and adjusting their behavior accordingly. Individuals could 
integrate information about the social environment through changes to neural pathways that are 
responsible for processing social signals. In this dissertation, I tested the hypothesis that variation 
in songs in the social environment influences both social behavior and the auditory system of 
songbirds. In a series of experiments, I exposed male and female Lincoln’s sparrows (Melospiza 
lincolnii) to songs with digitally manipulated trill performance, which is a measurement of the 
competitive quality and attractiveness of song. I found that exposure to high- compared to low-
performance songs during development caused males to elevate their trill performance in 
adulthood. This pattern suggests that males invest differently in their song performance based on 
the social environment that they experience during development. I also found that females that 
were exposed to high- compared to low- performance songs during adulthood were subsequently 
less attracted to novel songs. I hypothesized that the behavioral plasticity in males and females in 
response to trill performance in the social environment was regulated by neuroplasticity in brain 
regions responsible for processing songs. Central monoamines regulate experience-dependent 
neuroplasticity in vertebrates. Therefore, I used high-performance liquid chromatography with 
electrochemical detection to measure monoamines and their metabolites in extracts of tissue 
collected from the auditory telencephalon of males and females following exposure to songs that 
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differed in trill performance. Exposure to high- compared to low-performance songs during 
development affected both dopaminergic and noradrenergic activity at different periods in the 
male’s life. However, in a separate study I found that exposure to high- compared to low-
performance songs in adulthood did not influence monoamines in the auditory telencephalon of 
males, although it did decrease noradrenergic activity in the auditory telencephalon of females, 
suggesting that monoamines play different roles in sensory processing of adult males compared 
to adult females. Together, the effects of the social environment on behavior and on 
monoaminergic activity are consistent with the hypothesis that monoamines in the auditory 
telencephalon mediate song-induced neuroplasticity and regulate sensory perception.  
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CHAPTER ONE: INTRODUCTION - BEHAVIORAL AND MONOAMINERGIC RESPONSES TO THE 
SOCIAL ENVIRONMENT THROUGHOUT THE LIFE OF A SONGBIRD (MELOSPIZA LINCOLNII) 
For many organisms, the developmental and adult social environments vary in space and 
time, and can have long- and short-term influences on social behavior, including sexual and 
competitive behavior, and on responses to social stimuli [Kasumovic and Brooks 2011]. 
Organisms modulate their behavior in response to experience with the social environment by 
modulating their perception of and responsiveness to incoming sensory information [Sockman et 
al. 2002; Sockman et al. 2005; George and Cousillas 2013; Weitekamp and Hofmann 2014]. 
Research that examines behavioral and neural responses to different social environments allows 
us to understand how organisms integrate social information throughout life [Weitekamp and 
Hofmann 2014].   
 Songbirds represent an excellent model system for examining the influence of the social 
environment on responses to social signals in a naturalistic, behaviorally relevant context. 
Songbirds learn a species-specific song during a short period of development, and exposure to 
different songs during this period can have consequences for adult singing behavior and neural 
responses to song [Catchpole and Slater 2008]. Developing songbirds often hear songs that differ 
in quality [Sockman 2009], measured through song’s ability to attract mates and deter rivals 
[Catchpole and Slater 2008]. Exposure to high quality songs during development could signal a 
competitive environment [Kasumovic and Brooks 2011], suggesting that developing males 
should be sensitive to song quality and should invest in competitive behavior (potentially at the 
expense of other adaptive traits) based on the quality of song in their developmental environment 
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[Bailey et al. 2010].  
Adult songbirds also experience variation in song quality. For adults in a social 
environment composed of high quality songs, males should behave more competitively to match 
the perceived quality of their rivals [Sockman et al. 2009], while females should increase 
selectivity for mates to ensure that they mate with high quality males [Collins et al. 2006; Lyons 
et al. 2014]. Previous studies supporting these hypotheses found that exposure to high quality 
songs increases singing behavior in male songbirds [Sockman et al. 2009; Sewall et al. 2010], 
and that female songbirds have stronger preferences for songs from natal compared to foreign 
dialects if they had previous experience with natal songs [MacDougall-Shackleton et al. 2001]. 
Song quality in the social environment could have long- and short-term influences on 
social behavior by changing regions of the brain that perceive and process information about 
song [Weitekamp and Hofmann 2014]. Monoaminergic neuromodulators might facilitate 
integration of the social environment within the songbird brain [Castelino and Schmidt 2010; 
Kubikova and Kostal 2010; Hurley and Hall 2011]. Neuromodulators act on neurons to increase 
or decrease their excitability and sensitivity to neurotransmitters [Oades 1985; Cooper et al. 
2003]. Norepinephrine, dopamine, and serotonin are monoaminergic neuromodulators that 
regulate learning, attention, and sensory processing by modifying sensitivity to sensory input and 
synaptic transmission [Popova 2006; Sara 2009; Kubikova and Kostal 2010]. Therefore, 
throughout an individual’s life, these monoamines in brain regions that process song could 
mediate the social environment’s influence on singing and mate preference behavior by 
modifying the sensory detection of and responsiveness to song.  
If monoamines mediate the influence of song on social behavior, then variation in song 
should influence monoamines in brain regions that process song. Song perception occurs largely 
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within the auditory forebrain of the songbird brain [Brainard and Doupe 2002; Jarvis 2004]. 
Ascending auditory information travels to two forebrain regions, the caudomedial nidopallium 
(NCM) and the caudomedial mesopallium (CMM) [Jarvis 2004]. There is evidence that NCM 
and CMM are responsible for processing socially relevant stimuli in songbirds [Gentner et al. 
2004]. Studies support that these regions are responsible for experience-dependent processing of 
conspecific song [Sockman et al. 2002; Gentner and Margoliash 2003; Gentner et al. 2004], and 
for processing female and male responses to variation in conspecific song [Gentner et al. 2001; 
Gentner et al. 2004; Sockman 2007]. Monoamines regulate sensory perception in the auditory 
system of many species [Oades 1985; Hurley et al. 2004], including birds, and the songbird 
auditory forebrain receives strong monoaminergic input [Castelino and Schmidt 2010; 
Matragrano et al. 2013]. Previous studies have found that exposure to more salient stimuli, such 
as songs compared to tones [Matragrano et al. 2012], or more attractive song compared to less 
attractive song [Sockman and Salvante 2008; Salvante et al. 2010; Sewall et al. 2013] generally 
increases monoaminergic activity in the auditory telencephalon. These findings are consistent 
with the general function of monoamines to increase neural sensitivity to relevant stimuli over 
background noise [Appeltants et al. 2002; Cardin and Schmidt 2004; Aston-Jones and Cohen 
2005; Ikeda et al. 2015], to increase the selectivity of responses to auditory signals [Hurley and 
Pollak 1999; Hurley and Pollak 2005; Hurley and Hall 2011], and to regulate plasticity of the 
auditory system by modulating responsiveness to salient stimuli [Bao et al. 2001].  
The goal of this dissertation is to examine how, at a behavioral and neural level, 
individuals integrate information about the social environment across different life stages. 
Specifically, I examined how variation in trill performance in the social environment influences 
behavior and the brain of Lincoln’s sparrows (Melospiza lincolnii). Trill performance is a 
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measurement of a biomechanical constraint on the rapid production of trilled syllables in a song. 
High trill performance songs maximize both trill rate and frequency bandwidth of trilled 
syllables, and males are likely constrained in their ability to produce these trills [Podos 1997; 
Wilson et al. 2014]. It is difficult for males to produce high-compared to low-performance songs 
[Podos 1996; Podos 1997; Podos et al. 1999], females find high- compared to low-performance 
songs more attractive [Ballentine et al. 2004; Catchpole and Slater 2008; Caro et al. 2010], and 
males are more threatened by and aggressive towards high- compared to low-performance songs 
[Illes et al. 2006; DuBois et al. 2011; Moseley et al. 2013]. In addition, trill performance for a 
study population of Lincoln’s sparrows varies annually (Figure 1). It might be adaptive for 
individuals to optimize their mating and competitive behaviors based on trill performance of 
their social environment [Sockman 2009]. Therefore, it is biologically relevant to ask how 
Lincoln’s sparrows respond to social environments that differ in trill performance over their life-
course.  
Due to the annual variation in trill performance that we detected in a study population 
[Sockman 2009](Figure 1), I envisioned a dynamic in which during some years juvenile males 
would learn songs amongst a cacophony of high performance tutors, and during other years 
juveniles would learn songs from amongst a chorus of low performance tutors.  In Chapter Two, 
I recreate these envisioned environments in the lab by exposing developing males to songs that I 
experimentally manipulated to be of either low or high trill performance. If developing males 
integrate information about trill performance in the social environment during development, and 
if monoamines underlie this integration, then I hypothesized that 1) the developmental song 
environments would influence monoaminergic activity during development, potentially through 
organizational effects that would persist into adulthood [Wade et al. 2013] and 2) the 
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developmental song environments would have long-term influences on adult competitive 
behavior and on responses to songs in adulthood [Podos et al. 2009]. I tested these hypotheses by 
measuring monoamines and their metabolites, as an estimate of monoaminergic secretion, in the 
auditory telencephalon of juvenile males during the developmental exposure and by testing the 
effects of the developmental exposure on singing behavior and on monoaminergic activity in 
males that I reared to adulthood. 
Previous research indicates that trill performance is a sexually salient signal for female 
Lincoln’s sparrows [Caro et al. 2010], and that trill performance is a salient competitive signal 
for males songbirds [Illes et al. 2006; DuBois et al. 2011; Moseley et al. 2013]. However, no 
studies have yet assessed the competitive salience of trill performance for male Lincoln’s 
sparrows. Therefore, in Chapter Three I conducted simulated territorial intrusions on free-living 
male Lincoln’s sparrows at a field site in Molas Pass, CO to assess the competitive salience of 
trill performance. This study allowed me to better understand the biological relevance for results 
from Chapter Two (the developmental study) and allowed me to determine if males respond 
similarly to trill performance during development and in adulthood. 
In Chapter Four I consider how variation in trill performance in the adult social 
environment influenced female perception of song. I hypothesized that exposure to social 
environments that differed in trill performance would influence female perception of songs and 
therefore attraction to subsequent novel male songs [Gibson and Langen 1996; Bateman et al. 
2001; Bateson and Healy 2005; Sockman 2007]. I was specifically interested in testing the 
contrast effect in female assessment of male song [Collins et al. 2006]. With the contrast effect, 
exposures to a stimulus of greater or lesser value causes individuals to respectively under or 
overvalue an alternative stimulus [Flaherty 1996].  Based on predictions of the contrast effect 
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model, I predicted that following exposure to a social environment composed of low-
performance songs, females would be more attracted to (i.e. overvalue) a novel song but that 
following exposure to a social environment composed of high-performance songs, females 
would be less attracted to (i.e. undervalue) the same novel song.  
Chapter Two and Chapter Three study the effects of trill performance in the social 
environment on male behavior and on auditory monoamines while Chapter Four studies the 
effect of the social environment on female behavior. My final chapter determines if trill 
performance affects auditory monoamines in females and males differently. If the social 
environment has the same effect on males and females, it would suggest that a common 
mechanism underlies behavioral modification in males and females, even though the behaviors 
(song compared to phonotaxis) and the valence of the song (competitive compared to sexual) 
differ between the sexes.  
The world is not a stable place. If it were, we would see less evolution, less plasticity, and 
the study of biology would be much less interesting. But the world is not stable; instead, 
conditions fluctuate from place to place and from time point to time point. Sometimes this 
fluctuation happens over millennia and sometimes it happens in just an instant. This dissertation 
has narrowed in on just one way that conditions in the world can fluctuate and has asked how 
individuals of one species, the furtive, feisty Lincoln’s sparrow, deals with that fluctuation.  
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FIGURE LEGEND 
Figure 1.1. Annual variation in trill performance for songs recorded from a population of 
Lincoln’s sparrows breeding at Molas Pass, CO. The max trill performance of songs differ 
significantly between years (F1,9 = 2.32, p = 0.015). Labels to the left of each point indicate the 
number of males recorded in each year.  
 
Figure 1.1 Annual variation in trill performance 
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CHAPTER TWO: SIGNS OF COMPETITION DURING DEVELOPMENT CHANGE THE BRAIN AND 
COMPETITIVE BEHAVIOR OF ADULT SONGBIRDS 
SUMMARY 
Central catecholamines are key regulators of experience-dependent neuroplasticity in 
vertebrates, and they may facilitate integration of information about the environments that 
individuals encounter across their life-course. We tested the hypothesis that developmental 
exposure to social environments varying in song performance influence auditory catecholamines 
and adult behavior in a seasonally breeding songbird. We exposed juvenile male Lincoln’s 
sparrows (Melospiza lincolnii) to conspecific songs that we digitally manipulated to be of low or 
high trill performance. Songs of high trill performance maximize trill rate and frequency 
bandwidth of trilled syllables and are challenging to produce. We collected tissue from the 
auditory telencephalon of half the males during development and collected tissue from the other 
half months later in adulthood after exposing them to intermediate-performance songs and 
scoring their behavior. Using high-performance liquid chromatography with electrochemical 
detection, we measured levels of catecholamines and their metabolites, as an indicator of their 
secretion, in the auditory telencephalon. During development, exposure to high-performance 
songs increased dopamine metabolites compared to exposure to low-performance songs; 
consistent with the hypothesis that dopamine regulates experience dependent neuroplasticity in 
the developing auditory telencephalon. Compared to the low-performance developmental 
environment, the high-performance developmental environment elevated trill rate and 
performance and reduced the norepinephrine metabolite, and there was a positive correlation 
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between norepinephrine activity and trill rate, suggesting that norepinephrine is sensitive to trill 
rate.  Together, these results suggest that the developmental social environment could modulate 
adult competitive behavior by modulating how adults process competitive sensory signals.  
INTRODUCTION 
Faced with unpredictable variation in the social environment, animals must modulate 
their behavior to respond to changing environmental conditions. One mechanism by which 
individuals might integrate and respond to information about their past and current social 
environment is through experience-dependent changes in perception [Sockman et al. 2002; 
Sockman et al. 2005; Cousillas et al. 2006; George and Cousillas 2013; Weitekamp and 
Hofmann 2014; Lyons et al. 2014]. If the social environment causes long-term changes to 
sensory processing, this would influence perception of, and therefore response to social signals 
in the future [Hauber et al. 2007; Sockman 2007; George and Cousillas 2013].  
A sensory system may be especially sensitive to the social environment during 
development, when many systems of the organism, including the central nervous system, are 
plastic [Komers 1997; Dufty et al. 2002; Knudsen 2004]. Adaptive plasticity of developing 
sensory systems occurs when individuals are exposed to social environments during 
development that predict the social challenges and opportunities they will face as adults [Komers 
1997; Groothuis and Carere 2005; Kasumovic and Brooks 2011; Guevara-Fiore 2012]. Indeed, 
many studies have found that individuals modulate investment in growth and behavior to 
optimize adult competitive ability based on the degree of challenge in the social environment 
during development [Bailey et al. 2010; Kasumovic and Brooks 2011; Kasumovic et al. 2011; 
DiRienzo et al. 2012]. However, although there is robust evidence for environment-induced 
developmental plasticity of sensory systems [King et al. 1988; Wallace and Stein 2007; Woolley 
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2012], it is less clear how competitive signals in the social environment during development 
influence the sensory systems that process social information.  
Songbirds learn songs during development, and developmental song exposure has long-
term consequences for adult singing behavior and sensitivity to song [Marler 1997; Riebel 2003; 
Catchpole and Slater 2008; Woolley 2012]. Dopamine and norepinephrine are catecholaminergic 
neuromodulators that are involved in the regulation of social behavior, including singing 
behavior [Barclay et al. 1996; Ball and Balthazart 2002; Lynch et al. 2008], and could facilitate 
neural integration of the social environment within the developing and adult songbird brain 
[Salvante et al. 2009; Castelino and Schmidt 2010; Kubikova and Kostal 2010; Sewall et al. 
2013]. Catecholamines modulate neuroplasticity in response to auditory signals, both in 
development [Shepard et al. 2013; Moncalvo et al. 2013; Shepard et al. 2015] and in adults [Bao 
et al. 2001; Velho et al. 2012]. In songbirds, catecholaminergic activity and innervation patterns 
change throughout the auditory system during song learning [Soha et al. 1996; Harding et al. 
1998; Kubikova et al. 2010], and systemic changes in catecholamine levels during development 
can have long-term influences on song quality and song output [Harding 2004; Wade et al. 
2013].  
Catecholamines innervate perceptual regions of the songbird brain, including two regions 
of the auditory forebrain, the caudomedial mesopallium (CMM) and caudomedial nidopallium 
(NCM) [Castelino and Schmidt 2010; Maney 2013; Matragrano et al. 2013]. The CMM and 
NCM are analogous to the mammalian secondary auditory cortex [Vates et al. 1996; Pinaud and 
Terleph 2008], and are responsible for processing socially relevant stimuli, including variation in 
conspecific song [Gentner et al. 2001; Gentner et al. 2004; Knudsen and Gentner 2010]. The 
NCM appears specifically important in encoding aspects of song novelty and learning [Gentner 
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et al. 2004; Velho et al. 2012], whereas the CMM is responsive to familiar songs [Gentner and 
Margoliash 2003; Gentner et al. 2004]. Catecholaminergic activity in these auditory regions 
likely regulates aspects of attention and perception [Maney 2013; Ikeda et al. 2015]. Therefore 
exposure to songs that vary in quality during development could modulate song processing in the 
short and long term through its influence on catecholamines in the auditory forebrain.  
Trill performance is an aspect of song challenge that reflects a biomechanically imposed 
constraint between the rate with which individuals produce syllables of a trill and the frequency 
bandwidth of those syllables [Podos 1997; Wilson et al. 2014]. High trill-performance songs 
maximize both trill rate and frequency bandwidth of trilled syllables [Podos 1997; Wilson et al. 
2014], and adult males perceive high-performance songs as presenting a greater social challenge 
than low-performance songs [Illes et al. 2006; de Kort et al. 2009; DuBois et al. 2011; Moseley 
et al. 2013].  Previous studies indicate that developing songbirds are sensitive to trill 
performance [Podos et al. 2009]. Exposure to songs that vary in trill performance during 
development can have long-term consequences for song learning and adult singing behavior in 
swamp sparrows (Melospiza georgiana) [Podos et al. 2004; Podos et al. 2009; Lahti et al. 2011].  
If the auditory system integrates information about trill performance in the social environment 
during development, this integration could shape subsequent social and singing behavior.  
I measured how developmental exposure to songs I manipulated to be of low or high trill 
performance influenced catecholamines and behavior of male Lincoln’s sparrows (Melospiza 
lincolnii) during development and in adulthood. In many species, high-performance songs are 
positively sexually selected [Caro et al. 2010; Lyons et al. 2014], and they signal a male’s 
competitive skill or vigor [Byers et al. 2010; Moseley et al. 2013]. Therefore, high-performance 
songs may be more attractive to developing males during song learning [Templeton et al. 2010]. 
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I predicted that, relative to low-performance songs, high-performance songs would elevate 
catecholaminergic activity in the auditory forebrain of developing males, reflecting the role of 
catecholamines in modulating attention, sensitivity to auditory stimuli, and auditory tuning [Bao 
et al. 2001; Cardin and Schmidt 2004; Ikeda et al. 2015]. I also measured the influence of this 
developmental experience on adult singing and catecholaminergic activity in the auditory 
forebrain. I predicted that relative to the low-performance treatment, the males that were exposed 
to the high-performance songs in development would elevate adult song performance. However, 
I also predicted that the developmental treatments would influence how males responded to 
conspecific songs of intermediate trill performance in adulthood. Specifically, I predicted that 
relative to the high-performance treatment, males that were reared in the low-performance 
treatment would elevate trill performance and auditory catecholamines during exposure to 
intermediate performance songs.   
METHODS 
Developmental treatment songs 
I constructed developmental treatment songs by selecting 18 different songs from six 
different males (three songs per male) from our collection of Lincoln’s sparrow songs that our 
lab recorded from 2005-2011 at our study site in Molas Pass, CO (37.74°N, 107.69°W) 
[Sockman 2009]. Each song consisted of four trills that initially had similar mean trill rates and 
performances. I determined trill rate, frequency bandwidth, and calculated trill performance 
using upper bound regression as described previously (Appendix 1)[Sockman 2009; Caro et al. 
2010]. I generated two identical digital copies of each of the 18 songs. From one copy, I cut 15 
ms of silence from between each syllable of each trill (high-performance treatment) and pasted it 
into the corresponding inter-syllable space in the other copy (low-performance treatment) 
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(Figure 1). Manipulated trills differed from each other (trill rate mean ± SEM: low performance 
8.84 ± 0.30; high performance 10.56 ± 0.40; paired t-test t = 9.84, df = 71, p < 0.001; vocal 
performance mean ± SEM: low performance -1.65 ± 0.04; high performance -1.55 ± 0.04; paired 
t-test t = 9.84, df = 71, p < 0.001) and fell within the natural range of variation in trill rate and 
performance recorded for our study population (Figure 2).  
Experimental Procedure 
In early July of 2013, I worked with field assistants to collect 8-day old male and female 
Lincoln’s sparrows from their nests at our field site in Molas Pass, CO (37.74°N, 107.69°W). We 
reared the nestlings in cages in a research trailer at our campsite for two to three weeks on a diet 
of Roudybush Formula 3 (Roudybush Inc., Woodland, CA) mixed with water until birds could 
feed independently, at which point we transitioned them to Roudybush Daily Maintenance 
(Roudybush Inc., Woodland, CA). We then transported the birds inside the trailer to our facilities 
at the University of North Carolina at Chapel Hill. When the birds were between 34 and 41 days 
posthatch, I divided them across 18 sound chambers, with 3 birds (males and females) in each 
sound chamber. I randomly assigned half the chambers to the high-performance treatment and 
the other half to the low-performance treatment. Through a speaker in each chamber, I then 
began to broadcast treatment songs daily from 0505h – 1055h in 20-minute intervals with 10-
minute silent periods between each interval. I played the treatment songs in random order.  
Starting at 0800h and ending at 1100h on the morning of the ninth day of exposure to 
treatment songs, I collected brains via rapid decapitation from one bird from each chamber 
(N=16 males, Figure 3). I collected brains in alternating treatment order. I immediately fresh 
froze each hemisphere and stored samples at -80° C until subsequent analysis of dopamine and 
norepinephrine activity using high-performance liquid chromatography with electrochemical 
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detection (HPLC-ECD, methods described below). For the two remaining birds in each sound 
chamber, I extended exposure to the developmental treatment songs for a total of 57 days, ending 
when birds were 91 - 98 days old (Figure 3). Following exposure to developmental treatment 
songs, I housed males in mixed sex aviaries until adult song recording. Females were used in a 
separate experiment.  
I separated males into two groups. Each group contained males from both low- and high-
performance developmental treatments. Starting March 22, 2014 for group 1 and March 26, 2014 
for group 2, males were shifted from a natural photoperiod (12 Light: 12 Dark) to a 13L: 11D 
photoperiod which subsequently increased in daylight by one hour every week until it reached 
16L: 8D. Males remained at 16L: 8D for approximately 3 weeks until May 06, 2014 (group 1), 
and May 10, 2014 (group 2) when males were between 308 and 321 days posthatch. At that time, 
I began to record male song in individual sound-attenuation chambers (Figure 3). I used eight 
sound-attenuation chambers housed within a single room and alternated developmental treatment 
groups across the chambers. Between groups, I alternated treatment assignment of the chambers. 
I had 9 males from the low-performance treatment and 7 males from the high-performance 
treatment. Therefore, one chamber housed only males from the low performance treatment in 
both groups. Each chamber contained a cage with food cups, water bottles, two perches, and a 
microphone.  
For each group, I moved the males to the attenuation chambers at 1600h and allowed 
them to acclimate overnight. I began recording their song the following morning from 0500h – 
1000h (baseline singing). I recorded songs using audio recording methods described in 
[Sockman et al. 2009], with one microphone from each sound-attenuation chamber connected to 
a computer running Sound Analysis Pro software (version 1.02). The software stored songs that 
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had at least 27 consecutive oscillogram peaks that exceed an average of 80 dB for at least 3 
seconds.  
For the three days following baseline singing, I continued to record male songs, but also 
exposed males to songs of intermediate trill performance (playback singing). For each chamber, I 
selected three songs from each of two different males that had a trill rate and trill performance 
intermediate to that of the developmental treatment songs (mean ± SEM: trill rate 9.56 ± 0.19; 
trill performance -1.62 ± 0.02). I broadcast intermediate trill-performance songs using a speaker 
positioned in the middle of the chamber (Pioneer Corp. TS-G1040R) that was attached to mono-
amplifiers (Audiosource Amp 5.1A, Portland, OR, USA) that I interfaced (M-Audio Delta 1010, 
Irwindale, CA, USA) to a central computer (Apple Inc., Cupertino, CA, USA). Each day of 
intermediate song exposure, I broadcast songs from 0500h – 1040h in 10-minute intervals with 
20-minute silent cycles between each interval. On the morning of the third day of song exposure, 
from 0900h – 1040h, I rapidly decapitated males and collected their brains (Figure 3). I collected 
brains in alternating treatment order and immediately froze them on dry ice and stored them at    
-80° C for future analysis.  
Quantification of catecholamines, metabolites, and protein 
I used a cryostat to section one hemisphere of brains collected from the juvenile and adult 
males at 40 µm in the sagittal plane for Nissl staining. I sectioned the opposite hemisphere into 
300 µm sections in the sagittal plane and used micropunches to collect tissue in CMM and NCM 
using Field L as a guide as described in [Sewall et al. 2013]. I also collected tissue from area X 
in the juvenile males, as dopamine plays an important role in song learning and acquisition in 
this nucleus [Kubikova and Kostal 2010]. I used the Nissl stained hemisphere as a guide for 
collecting tissue from area X [Sewall et al. 2013]. I collected two consecutive 0.5-mm-diameter 
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punches from CMM and two consecutive 1-mm-diameter punches from NCM and area X. Upon 
collection, I stored tissue samples in 1.9 ml polypropylene microcentrifuge tubes at -80° C. 
 When dopamine and norepinephrine are secreted from a neuron, they are metabolized 
[Moore 1986; Eisenhofer et al. 2004; Meiser et al. 2013]. Therefore, by measuring the 
catecholaminergic metabolites, one can obtain an estimate of secretion. However, since some 
amount of a secreted, non-metabolized catecholamine can be taken back up by the pre-synaptic 
neuron, and since metabolism also occurs intraneuronally [Moore 1986; Eisenhofer et al. 2004; 
Meiser et al. 2013], this estimate may not capture the total amount of catecholamine secreted, 
and it likely also reflects levels of monoamine produced and stored in the neuron.  
I used methodology described in [Sewall et al. 2013] to quantify dopamine and 
norepinephrine activity. I measured dopamine and the dopamine metabolites 3,4-
Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), and norepinephrine and 
the norepinephrine metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) using high-
performance liquid chromatography with electrochemical detection (HPLC-ECD). In brief, I 
added 100 µl of mobile phase to each tissue sample tube. I sonicated tissue samples in a mobile 
phase solution, centrifuged them at 16,000 g at 4°C for 16 minutes, and then injected 10 µl of the 
supernatant into an HTEC-500 stand-alone HPLC-ECD system (Eicom, San Diego, CA, USA) 
using a Midas autosampler (Spark Holland, Netherlands). The mobile phase solution was at pH 
3.5 and was composed of citric acid (8.84 g), sodium acetate (3.10 g), sodium octyl sulfonate 
(215 mg), EDTA (5 mg), methanol (200 mL), and ultra pure water (800 mL) (Sigma-Aldrich, St. 
Louis, MO, USA).  
Catecholamines and their metabolites were separated on an Eicompak SC-30DS column 
(Eicom) and were then passed over an electrode. The electrode maintained a potential of 750 mV 
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against an Ag/AgCl reference electrode. The applied potential of the electrode caused an 
oxidation or reduction reaction of each compound, and the resulting electron flow was measured 
as current, which is a function of the type and quantity of the compound. The HPLC-ECD 
system determined the amount of each compound relative to a two-point standard curve. The two 
standards were concentrated at 1 pg/ml and 10 pg/ml of each of the five compounds of interest. I 
included with each standard and sample an internal standard (1 pg/ml isoproterenol, added prior 
to sample processing) to control for sample loss during preparation. I used PowerChrom software 
(eDAQ, Colorado Springs, CO, USA) to compare the area under the curve for each compound 
within each sample to the area generated by the two standards. In all cases, I used the peak area 
ratio function in order to account for variation in isoproterenol across samples. 
After determining the amount of each compound in the 10 µl of injected supernatant, I 
needed to control for variation in the amount of tissue from which the compounds were obtained. 
Therefore, I dissolved the remaining tissue sample in 0.2 M NaOH (20 µl for 0.5-mm-diameter 
samples, 50 µl for 1-mm-diameter samples) and used a Bradford protein-dye binding assay 
(Quickstart Bradford Protein Assay, BioRad, Hercules, CA, USA) to measure the amount of 
protein in each tissue sample. I used bovine serum albumin as a standard and performed all 
analyses on a UQuant microplate spectrophotometer (BioTek, Winooski, VT, USA).  
Analysis 
I calculated the final amount of each compound as the amount of compound (in pg) in the 
initial 100 µl of mobile phase added to each tissue sample divided by the amount of protein 
measured from the Bradford assay (in mg). For juvenile males (in which only one individual was 
collected from a treatment chamber), I used two-tailed t-test to test for the effect of the 
developmental treatment on the amount of each compound in each brain region of interest. To 
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ensure that the measurements conformed to a normal distribution, values were subjected to log or 
square-root transformation as needed.  
For analyses of songs from the adult males, I measured trill performance, trill rate, and 
frequency bandwidth from five songs that I randomly selected each hour from 05:00 – 10:00 
during the first three days of song recording and from 05:00 – 09:00 on the final day of song 
recording. I then determined the mean trill performance, trill rate, and frequency bandwidth of 
each song. I used linear mixed effects models with the R package lme4 [Bates et al. 2015] to 
analyze the influence of treatment, day of song recording (as a continuous variable), and their 
interactive effects on trill performance, trill rate (log transformed), and frequency bandwidth (log 
transformed). To determine if males copied the trill performances of the developmental treatment 
songs, for song characteristics in which I found an effect of developmental treatment on adult 
song, I determined how the songs of the focal males compared to the developmental treatment 
songs within each treatment. I included the average song trait for each focal male (across all days 
of recording) and for each male from the treatment playback as the dependent variable, and I 
included the recording type (either recorded from the focal male or used as a treatment song) as 
the fixed factor.  
I used linear mixed effects models with the R package lme4 [Bates et al. 2015] to test the 
influence of developmental song treatment on catecholamines in the auditory forebrain of adult 
males. For each model, I included the compound amount as the dependent variable, and the 
treatment as the independent variable. I subjected all compound measurements to log-
transformation to meet the requirements for normal distribution.   
The statistical models for analyses of the adult males contained random effects that were 
hierarchically structured. I included male nested in developmental chamber as a random intercept 
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for all analyses. For analyses with multiple song measurements from each male across multiple 
days, I nested song within male as a random intercept and random coefficient on day. I used 
Satterthwaite approximations for degrees of freedom for F or t-tests of the linear mixed models. I 
used R version 3.2.2 for all analyses [R Core Team 2015].  
RESULTS 
Catecholamines in developing males 
 For juvenile males, relative to the low-performance treatment, the high-performance 
treatment had elevated levels of DOPAC (Table 1, Figure 4a) and HVA (Table 1, Figure 4b) but 
not dopamine in CMM. I was unable to detect significant effects of the developmental song 
exposure on dopaminergic activity in NCM or area X, or of noradrenergic activity in CMM or 
NCM (Table 1).   
Song characteristics of adult males 
For adult males, relative to the low-performance treatment, the high-performance 
treatment elevated adult trill performance. The effect of day and the interactive effect of day and 
treatment were not significant (Table 2; Figure 5b). In order to determine if males copied the trill 
performances of the developmental treatment songs, I also compared trill performance of each 
adult male’s songs to the songs that I exposed them to during development. Trill performance of 
the adult males did not differ significantly from the developmental treatment songs for either the 
low-performance (Est. ± SEM = -0.02 ± 0.12, F1,4.66 = 0.02, p > 0.2) or high-performance 
treatments (Est. ± SEM = -0.01 ± 0.07, F1,1.90 = 0.01, p > 0.2). 
For adult males, relative to the low-performance treatment, the high-performance 
treatment elevated adult trill rate. The effect of day and the interactive effect of day and 
treatment were not significant (Table 2; Figure 5b). Trill rate of the adult males did not differ 
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significantly from the developmental treatment songs for either the low-performance (Est. ± 
SEM = 0.14 ± 0.08, F1,13 = 3.33, p = 0.09) or high-performance treatments (Est. ± SEM = 0.14 ± 
0.10, F1,11 = 2.22, p = 0.16). 
There was no significant effect of treatment, day, or interactive effect of treatment and 
day on frequency bandwidth (Table 2). 
Catecholamines in adult males 
I found no significant effect of treatment on dopamine, DOPAC or HVA in either CMM 
or NCM (Table 7). I found an influence of the developmental treatments on MHPG but not 
norepinephrine in the CMM and no significant effect of treatment on MHPG or norepinephrine 
in NCM (Table 3). Compared to males exposed to the low-performance treatments, males 
exposed to the high-performance treatments during development had significantly lower levels 
of MHPG in the CMM in adulthood (Figure 6).  
If noradrenergic activity in the CMM mediates the effects of the developmental 
treatments on trill rate or performance, then I would expect to find a relationship between MHPG 
and trill rate or trill performance. In addition, because MHPG is indicative of higher levels of 
noradrenergic secretion or intracellular metabolism [Moore 1986; Eisenhofer et al. 2004; Meiser 
et al. 2013], I would also expect to find a relationship between norepinephrine and trill rate or 
trill performance. Therefore, I tested for a relationship between MHPG and norepinephrine in the 
CMM and mean trill rate and trill performance of the final five songs on the final day of adult 
song playback. I selected the final five songs (rather than all of the songs) as a reasonable sample 
of songs that most closely preceded brain collection. I found a positive correlation between trill 
rate and MHPG in CMM (treatment: Est. ± SEM -0.96 ± 0.35, F1,12 = 7.55, p = 0.017; trill rate: 
Est. ± SEM 0.30 ± 0.12, F1,12 = 6.06, p = 0.030, Figure 7a). I also found a positive correlation 
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between trill rate and norepinephrine in CMM (treatment: Est. ± SEM -0.44 ± 0.36, F1,9.82 = 1.48, 
p >0.2; trill rate: Est. ± SEM 0.23 ± 0.05, F1,2.88 = 21.28, p = 0.021). For norepinephrine, there 
was a single data point for which Cook’s distance equaled one, suggesting that it was an outlier, 
but removal of that point did not change the overall result (outlier removed: treatment: Est. ± 
SEM -0.21 ± 0.27, F1,8.59 = 0.62, p >0.2; trill rate: Est. ± SEM 0.19 ± 0.05, F1,2.97 = 15.66, p = 
0.029, Figure 7b).  
DISCUSSION 
 Developmental plasticity allows individuals to invest in traits that maximize competitive 
success. This study found that developmental experience with social environments that vary in 
competitive signaling influences adult signaling behavior. In addition, through measurement of 
auditory catecholamines, this study elucidated potential mechanisms that could underlie the 
influence of the developmental environment on adult song. During development, juvenile males 
exposed to high-performance songs had increased amounts of dopamine metabolites in the 
auditory telencephalon compared to juvenile males exposed to low-performance songs. When 
exposed to intermediate performance songs as adults, males exposed to high-performance 
(compared to low-performance) songs during development had increased trill rate and trill 
performance, and had lower levels of noradrenergic metabolite in their auditory telencephalon. In 
addition, noradrenergic activity in the auditory telencephalon was positively correlated with trill 
rate of the final songs that males sang prior to brain collection. These results indicate that 
developmental exposure to trill performance has long-term effects on adult song. In addition, 
these findings are consistent with the hypothesis that throughout life, catecholamines regulate 
changes to the brain to allow for integration of information about trill performance of the social 
environment.  
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Catecholamines in developing males 
 Dopamine metabolites were higher in the auditory telencephalon of males exposed to 
high-performance songs in development compared to males exposed to low-performance songs 
in development. This increase in dopamine metabolites indicates that a greater amount of 
dopamine was metabolized in the auditory telencephalon of males exposed to the high-
performance songs compared to males exposed to the low-performance songs. Metabolism of 
dopamine could occur either intracellularly or could occur after secretion from dopaminergic 
cells [Moore 1986; Eisenhofer et al. 2004; Meiser et al. 2013]. Importantly, dopamine itself did 
not significantly differ between the two treatment groups. The similarity in dopamine levels, but 
difference in metabolite levels suggests that dopamine was produced and then metabolized in 
greater amounts in the males exposed to the high-performance songs.  
Dopaminergic activity in the auditory system of songbirds may mediate developmental 
acquisition of song or modulate song perception [Kubikova and Kostal 2010]. Dopamine is 
thought to encode aspects of reward [Berridge and Robinson 1998; Maney 2013] and regulate 
learning and synaptic plasticity [Wise 2004; Hoffmann et al. 2016], including cortical plasticity 
in the mammalian auditory system [Bao et al. 2001; Shepard et al. 2013]. In developing 
songbirds, dopaminergic activity and receptor expression changes dramatically in the auditory 
system [Harding et al. 1998; Kubikova et al. 2010] in parallel to dopaminergic changes in several 
of the song control nuclei that regulate song learning and production [Sakaguchi and Saito 1989; 
Soha et al. 1996; Harding et al. 1998], consistent with the hypothesis that dopaminergic activity 
in the auditory system tracks aspects of vocal learning. In addition, exposure to tutor song during 
development increases neural activity in songbird midbrain dopaminergic cells [Nordeen et al. 
2009], and pairing of auditory stimuli with electrical stimulation of midbrain dopaminergic cells 
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results in cortical remodeling of the auditory telencephalon in mammals, suggesting that 
dopamine modifies representation of auditory input [Bao et al. 2001; Shepard et al. 2013; 
Puschmann et al. 2014]. Therefore, the increased amounts of dopamine metabolites observed in 
the current study could correspond to a dopamine-dependent tuning of the auditory telencephalon 
during development, which could have long-term influences on song perception.  
Song characteristics and catecholamines in adult males 
 Experience with subtle differences in the competitive environment during development 
changed the competitive behavior of adults. Adult males from the high-performance treatments 
sang songs of higher performance and higher trill rate compared to the adult males from the low-
performance treatments. In addition, trill performance and trill rate of recorded songs did not 
differ significantly from the playback songs. These findings indicate that, like other aspects of 
song [Marler and Peters 1977; Marler 1997] males likely learn trill rate and trill performance 
from the songs they are exposed to during development [Podos et al. 2009].  
Lincoln’s sparrows experience annual variation in average trill performance in the 
population [Sockman 2009]. This heterogeneity in the social environment indicates that in some 
years, males will develop and learn songs in social environments composed of high-performance 
songs, and in other years, males will develop and learn songs in social environments composed 
of low-performance songs. The results from the current study suggest that the variation in trill 
performance that males experience during development will affect their trill performance in 
adulthood, which could potentially shape the future social environment. However, if the trill 
performance from one year shapes the subsequent year’s social environment, I would expect trill 
performance in the social environment to remain stable over time, rather than vary as observed 
[Sockman 2009]. 
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There are at least two potential explanations for the discrepancy between the results of 
the current study (that trill performance in adulthood is similar to the trill performance of the 
developmental social environment) and the annual variation in trill performance observed in the 
study population. First, there are low rates of philopatry in the study population [Sockman 2012], 
suggesting that males may not contribute to the trill performance of their natal social 
environment. Second, previous work indicates that variation in ecological factors could 
contribute to variation in trill performance [Sockman 2009; Sockman 2012], and in swamp 
sparrows, males modulate their trill performance in competitive contexts [DuBois et al. 2009]. 
These studies raise the hypothesis that males are plastic in trill performance in adulthood. In a 
test of this hypothesis, I exposed males from both treatments to songs of intermediate 
performance in adulthood. I predicted that males would modulate their trill performance over the 
course of exposure to the intermediate performance songs, and that the developmental treatments 
would influence the direction of the modulation. However, I did not detect an interactive effect 
of treatment and day of recording on trill performance or trill rate, indicating that the 
developmental treatments did not reliably influence modulation of song. Rather, across all of the 
days, males from the high-performance treatments tended to sing higher performance songs than 
males from the low-performance treatments. While the lack of a significant interaction does not 
rule out the possibility that males are plastic in trill performance in adulthood, it does suggest 
long-term stability in the effects of the developmental social environments on adult song 
performance [Podos et al. 2009]. 
Trill rate and trill performance are performance-based traits that reflect aspects of male 
quality and singing capability [Podos 1997; Ballentine 2009; Byers et al. 2010; Caro et al. 2010; 
Vehrencamp et al. 2013; Wilson et al. 2014]. Previous studies that exposed developing swamp 
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sparrows to songs with high trill rates found that, as adults, males decreased trill rate relative to 
the tutor songs, omitted notes from trilled syllables, or had broken syntax, in which silent gaps 
interspersed groups of syllables within a trill [Podos 1996; Podos et al. 1999; Podos et al. 2004; 
Podos et al. 2009; Lahti et al. 2011]. These studies support the hypothesis that there is a 
biomechanical constraint on the ability of males to increase trill rate and performance beyond a 
certain limit [Podos 1996; Podos 1997; Podos et al. 2004]. A more detailed analysis would be 
necessary to determine if Lincoln’s sparrows from the high-performance treatments of the 
current study exhibited broken syntax or skipped syllables, but we did not find that males 
decreased trill rate relative to their tutor songs. However, the treatment songs in the current study 
were within the range of trill rate and trill performance recorded from free-living Lincoln’s 
sparrows [Sockman 2009]. Therefore, it is likely that the high-performance songs in the current 
study were within the range of production capability for Lincoln’s sparrows, while that may not 
have been the case for the swamp sparrow studies [Podos et al. 2004; Podos et al. 2009]. 
Males from the high-performance treatment had lower levels of the norepinephrine 
metabolite MHPG in the CMM compared to males from the low-performance treatment. This 
finding suggests that norepinephrine secretion or intracellular metabolism was lower in the 
CMM of males from the high-performance group compared to the low-performance group 
[Moore 1986; Eisenhofer et al. 2004; Meiser et al. 2013]. In sensory systems, including the 
songbird auditory system, norepinephrine enhances responses to salient stimuli by enhancing the 
signal to noise ratio of neural responsiveness [Appeltants et al. 2002; Hurley et al. 2004; Cardin 
and Schmidt 2004; Shepard et al. 2013; Ikeda et al. 2015].  
The developmental environments could have influenced adult levels of MHPG if they 
modulated some aspect of perception so that the intermediate-performance songs were more 
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salient (i.e. of relatively higher performance) for the males from the low-performance treatment 
compared to males from the high-performance treatment. This explanation is consistent with the 
patterns found in previous studies - that noradrenergic activity is greater following exposure to 
more salient songs [Sockman and Salvante 2008; Salvante et al. 2009; Sewall et al. 2013], and is 
consistent with the proposed function of norepinephrine in regulating arousal and goal directed 
behaviors by enhancing responses to salient stimuli [Berridge and Waterhouse 2003; Aston-
Jones and Cohen 2005; Sara 2009; Shepard et al. 2013].  
The modulation in perception could occur, in part, through each male’s comparison of his 
own songs to the intermediate performance songs [Todt and Naguib 2000; Ten Cate et al. 2002; 
Arnott and Elwood 2009]. Specifically, males from the low-performance treatment may have 
perceived the intermediate performance songs as relatively more salient, which could have 
increased noradrenergic release in the auditory telencephalon [Lynch et al. 2012], while males 
from the high-performance treatment may have perceived these same songs as relatively less 
salient. An alternative explanation for the levels of MHPG in the adult males is that exposure to 
high-performance songs in development caused a life-long decrease in noradrenergic tone. 
However, previous work that manipulated norepinephrine in developing songbirds suggests that 
norepinephrine in adulthood does not necessarily reflect levels in development [Wade et al. 
2013].  
Both norepinephrine and MHPG in the CMM were positively correlated with trill rate on 
the final day of exposure to song. This correlation is consistent with the hypothesis that 
norepinephrine in CMM responds to trill rate. If the CMM is involved in mediating trill rate, it 
could occur through its input to HVC [Vates et al. 1996; Jarvis 2004], which is a pre-motor 
nucleus in the song control system [Nottebohm et al. 1982; Scharff and Nottebohm 1991; Jarvis 
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2004]. Previous studies in swamp sparrows found that sensorimotor cells in HVC fire in a pattern 
that is phase-locked to both auditory input and motor output of syllables in a song’s trill [Prather 
et al. 2008; Prather et al. 2009; Prather et al. 2012]. These studies indicate that HVC cells encode 
auditory and motor information about trill rate [Prather et al. 2008]. Therefore, noradrenergic 
integration of information about a song’s trill rate could, through CMM’s projections to HVC 
[Vates et al. 1996; Jarvis 2004], lead to modulation of trill rate. 
Taken together, the results from the current study indicate that exposure to songs that differ 
in trill performance during development can have long-term influences on adult singing behavior 
[Podos et al. 2009] and potentially on perception of conspecific song. Furthermore, these results 
raise the hypothesis that dopaminergic activity in the developing auditory telencephalon may 
integrate information about the social environment as offspring develop and begin to consolidate 
the songs they will sing for the rest of their lives [Harding et al. 1998; Harding 2004]. During 
development, dopamine-induced neuroplasticity in the auditory telencephalon could modulate 
the representation of trill rate in the auditory system [Bao et al. 2001], such that adult song 
performance and the salience of the intermediate performance song (encoded by norepinephrine) 
differs between the high and low treatment groups. However, studies that specifically manipulate 
dopamine in the developing auditory telencephalon and norepinephrine in the adult auditory 
telencephalon are necessary to further test these hypotheses.   
 
 
 
 
 
	
32	
TABLE AND FIGURE LEGENDS 
Table 2.1. Mean ± SE and results from t-tests showing effects of developmental song treatments 
on levels of dopamine, norepinephrine, and their metabolites (measured as pg/mg protein) in 
CMM, NCM and area X (dopamine only) of juvenile males.  
Table 2.2. GLMM analyzing the effects of developmental song treatments and day of song 
recording on trill performance, trill rate, and frequency bandwidth of adult males. Day was coded 
as a continuous variable. The low-performance treatment was coded as 0, the high-performance 
treatment was coded as 1.  
Table 2.3. GLMM analyzing the effects of developmental song treatments on dopamine, 
norepinephrine and their metabolites in CMM and NCM of adult males. The low-performance 
treatment was coded as 0, the high-performance treatment was coded as 1.  
Figure 2.1. Exemplars of recorded songs from the high- and low-performance treatment (a) low-
performance version of each exemplar, (b) high-performance version. 
Figure 2.2. Experimental songs and the total population of songs recorded at the field site near 
Molas Pass, CO from 2005 – 2015. Treatment songs fell within the range of trill rate and 
performance for the population. 
Figure 2.3. Schematic of experiment design.  
Figure 2.4. Effect of developmental treatments on levels of (a) DOPAC and (b) HVA in the 
juvenile male CMM. 
Figure 2.5. Effect of developmental treatment on (a) adult trill performance and (b) adult trill 
rate. There was an effect of treatment, but not day, on both measurements of song.   
Figure 2.6. Effect of developmental treatment on MHPG in the CMM of adult males following 
three days of exposure to songs of intermediate trill performance.  
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Figure 2.7. Relationship between trill rate of the final songs that males sang prior to tissue 
collection and (a) MHPG in the CMM and (b) norepinephrine in the CMM. For norepinephrine, 
the single outlier is plotted on the figure but is not included in the regression line and was 
removed for the final analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
34	
Table 2.1 Effects of treatments on catecholamines in juveniles  
 
High mean ± 
SE (ng/mg) 
Low mean ± 
SE (ng/mg) DF t P 
CMM*      
Dopamine 0.80 ± 0.11 0.68 ± 0.06 14 0.88 >0.2 
DOPAC 0.23 ± 0.03 0.15 ± 0.01 14 2.70 0.017 
HVA 0.81 ± 0.10 0.51 ± 0.06 14 2.77 0.015 
Norepinephrine 1.75 ± 0.18 1.65 ± 0.21 14 0.39 >0.2 
MHPG 0.05 ± 0.01 0.10 ± 0.04 14 1.07 >0.2 
NCM**      
Dopamine 3.27 ± 0.81 3.28 ± 1.26 14 0.52 > 0.2 
DOPAC 0.48 ± 0.10 0.45 ± 0.19 14 0.89 > 0.2 
HVA 1.31 ± 0.31 0.87 ± 0.10 14 1.52 0.15 
Norepinephrine 1.71 ± 0.59 0.85 ± 0.14 14 1.18 > 0.2 
MHPG 0.0195 ± 0.0183 0.0012 ± 0.0005 14 0.91 > 0.2 
Area X      
Dopamine 67.29 ± 6.46 58.38 ± 9.00 14 0.81 > 0.2 
DOPAC 10.95 ± 1.78 9.07 ± 1.42 14 0.83 > 0.2 
HVA* 8.47 ± 1.17 6.07 ± 0.88 14 1.60 0.13 
*compounds are square-root transformed **compounds are log-transformed.  
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Table 2.2 Effects of treatments on adult song 
 Term Est. SEM DDF F P 
Trill Performance     
 Intercept -1.69 0.05    
 Treatment 0.14 0.07 14.28 4.63 0.049
55  Day 0.01 0.01 24.63 0.01 >0.2 
 Treat X Day -0.02 0.02 24.63 1.64 >0.2 
Trill Rate      
 Intercept 2.27 0.06    
 Treatment 0.21 0.09 12.13 6.15 0.029
14  Day 0.01 0.01 4.69 0.07 >0.2 
 Treat X Day -0.03 0.02 4.69 1.77 >0.2 
Frequency Bandwidth     
 Intercept 0.17 0.03    
 Treatment -0.002 0.05 7.78 0.00 >0.2 
 Day 0.001 0.01 18.19 0.25 >0.2 
 Treat X Day -0.002 0.01 18.19 0.01 >0.2 
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Table 2.3 Effects of treatments on catecholamines in adults 
Term Estimate SEM DDF F P 
CMM      
Dopamine Intercept 7.28 0.33    
 Treatment -0.19 0.50 9.16 0.14 > 0.2 
DOPAC    Intercept 5.55 0.18    
Treatment 0.09 0.27 13.00 0.10 > 0.2 
HVA        Intercept 7.40 0.31    
Treatment -0.28 0.48 8.67 0.35 > 0.2 
Norep      Intercept 8.58 0.28    
Treatment -0.39 0.43 9.45 0.85 >0.2 
MHPG     Intercept 4.53 0.25    
Treatment -0.92 0.38 14.00 5.96 0.029 
NCM      
Dopamine Intercept 8.16 0.14    
 Treatment 0.32 0.22 10.21 2.19 0.17 
DOPAC    Intercept 6.30 0.13    
Treatment 0.30 0.20 9.65 2.22 0.17 
HVA        Intercept 7.58 0.09    
Treatment 0.14 0.13 14.00 1.12 > 0.2 
Norep      Intercept 7.85 0.17    
Treatment 0.35 0.26 14.00 1.81 0.20 
MHPG    Intercept 1.89 0.58    
Treatment -0.10 0.87 14.00 0.01 >0.2 
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Figure 2.1 Exemplars of treatment songs 
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Figure 2.2 Treatment songs compared to the population of songs 
 
 
 
 
 
 
 
Figure 2.3 Schematic of experiment design 
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Figure 2.4 Effects of treatment on dopamine metabolites in juveniles 
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Figure 2.5 Effects of treatments on adult song 
 
 
 
 
Figure 2.6 Effects of treatments on MHPG in adults 
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Figure 2.7 Relationships between norepinephrine activity and trill rate 
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CHAPTER THREE: FIGHTING BRAWN WITH BRAINS: SELECTIVE IMPROVEMENT OF SONG 
PERFORMANCE TO CONTRAST INFERIOR COMPONENTS OF COMPETITOR SONG 
SUMMARY 
In competitive interactions, males typically elevate signal intensity to match the high 
intensity signaling of rivals. I found evidence that for a complex trait (birdsong), males match the 
low intensity component of the rival’s song. I examined male Lincoln’s sparrows’ (Melospiza 
lincolnii) response to simulated territorial intrusions with song that I digitally manipulated to 
raise or lower trill performance, which measures how difficult a song is to produce and reflects 
song challenge. The manipulations to increase or decrease trill performance concurrently 
decreased or increased trill length, respectively, so that the low-performance intruder songs had 
relatively longer trill rates and vice versa. I found that males sang songs with high trill 
performance but short trill length following the low-performance intruder songs, and they sang 
songs with low trill performance but long trill length following the high-performance intruder 
songs. Therefore, males improved in their own songs the aspect of the song that was inferior in 
the intruder song. The selective improvement in either trill performance or trill length may 
reflect a constraint on a male’s ability to maximize both characteristics simultaneously in 
response to an intruder. Trill performance correlated positively with male size, and there was a 
weak negative relationship between maximum trill performance and trill length. Together, these 
results suggest that males select signals that maximize the relative quality of their songs, and that 
the signals they use are dependent on the song performance of the intruder.  
INTRODUCTION 
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In signaling interactions involved in male competition, receivers are selected to respond 
only to signals that reliably convey information about signaler competitive ability or motivation, 
and thus signals exchanged between competing males are under selection to convey honest 
information about individual quality [Grafen 1990; Wiley 1994; Smith and Harper 1995; Searcy 
and Nowicki 2005]. However, in these competitive contexts, individuals often increase signaling 
effort [Wagner 1989; Price et al. 2006]. For example, frog call frequency is often inversely 
related to male size, and in some species, males will lower the frequency of their calls in 
competitive interactions, potentially to increase their perceived body size [Wagner 1989, 1992; 
Burmeister et al. 2002]. In order for signal honesty to be maintained, this increase in signaling 
effort must occur within the bounds of the costs and constraints that maintain the signal [Wagner 
1992; Searcy and Nowicki 2005; DuBois et al. 2009; Searcy and Beecher 2009]. 
An increase in signaling effort in competitive contexts presumably functions to enhance a 
male’s perceived competitive ability, and most studies find that males show a greater increase in 
signal intensity in response to more challenging threats [Wagner 1989; Bee et al. 2000; DuBois 
et al. 2009]. However, when males use complex signals in competitive interactions, the strategy 
used to increase signal intensity may not be straightforward. As many characteristics of complex 
signals potentially trade-off with one another or are constrained by different aspects of male 
competitive ability [Vehrencamp 2000; Gil and Gahr 2002; Searcy and Beecher 2009], males 
may not be able to increase signaling effort of all aspects of the signal simultaneously. One 
possible strategy is for males to elevate the aspects of the signal that are also elevated in the 
competitor’s signal. This strategy may be optimal when a male’s signaling abilities are equal to 
or superior to his rivals. However, when males are not capable of matching or outperforming 
their rival’s signals, an alternate possibility is for males to selectively elevate the aspects of their 
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own signal that are of inferior quality in the competitor. By contrasting their own signal with the 
aspects of the signal that are inferior in the competitor, males could enhance their perceived 
competitive ability.  
In songbirds, song is a complex signal that is used in territory defense to signal both male 
motivation to compete and male quality [Vehrencamp 2000; Gil and Gahr 2002; Searcy and 
Beecher 2009]. Many structural acoustic characteristics of song are performance-based [Trillo 
and Vehrencamp 2005]. These performance-based characteristics are constrained either by 
physiology or morphology, and they often reflect a male’s developmental history, skill, and vigor 
[Podos 1997; Nowicki et al. 1998; Nowicki and Searcy 2004; Byers et al. 2010]. Trill 
performance is one measurement of song performance. It is a composite trait that is based on the 
trade-off between the frequency ranges that the syllables of a trill span, or frequency bandwidth, 
and the number of syllables the singer can produce per unit time, or trill rate. For many species, 
as trill rate increases, the maximum frequency bandwidth decreases [Podos 1997; Wilson et al. 
2014]. Trills that are closer to the maximum trill rate and frequency bandwidth combination are 
considered high performance.  
Trill performance is potentially an honest signal of male competitive ability [Illes et al. 
2006; Cramer and Price 2007; Janicke et al. 2008; de Kort et al. 2009; Ballentine 2009; Moseley 
et al. 2013; Vehrencamp et al. 2013]. However, males modulate trill performance by increasing it 
in competitive contexts, suggesting flexibility in signal expression [DuBois et al. 2009]. In the 
current study, I measured song and non-song behavioral responses of male Lincoln’s sparrows to 
simulated territorial intrusions of songs that I manipulated to be of either low or high trill 
performance [Caro et al. 2010; Lyons et al. 2014] in order to test the hypothesis that males would 
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modulate aspects of their own song performance based on the song performance of an intruder 
and based on their own competitive ability.  
There are different mechanisms that male birds can use to modulate the trill performance 
of the songs they produce. They can either modulate the structure of the syllable in use, by 
increasing its bandwidth for example [DuBois et al. 2009], or they can change the type of 
syllable they use and choose one that is more challenging to produce. Studies indicating that 
males modulate trill performance by changing song type supports this latter mechanism [Logue 
and Forstmeier 2008; Cardoso et al. 2012]. In the current study, I examined each male’s use of 
individual syllable types across playback treatments in order to determine if males modulate 
performance of individual syllables types or change syllable types in order to modulate song 
performance.  
METHODS 
Treatment Songs 
I selected 3-5 songs from each of 10 different males from our collection of songs 
recorded near Molas Pass, CO, U.S.A. (37.74°N, 107.69°W) from 2005-2011 (Appendix 1). 
Using Raven Pro (Cornell Lab of Ornithology, Ithaca, NY), I generated two identical digital 
copies of each song. I cut 15 ms of silence between each syllable of each trill in one copy, and 
pasted it into the corresponding inter-syllable space in the other copy, effectively increasing trill 
rate and performance (but simultaneously decreasing trill length) in one copy (high-performance 
treatment) and decreasing trill rate and performance (but simultaneously increasing trill length) 
in the other (low-performance treatment). Manipulated songs significantly differed from each 
other in mean trill rate, trill length, and trill performance and fell within the natural range of 
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variation in trill rate, trill length, and trill performance recorded for our study population (Table 
1). 
I generated 10 pairs of playback files, each pair containing the 3-5 songs from a single 
unique male singer. One file in each pair contained the high-performance versions of the 3-5 
songs and the other contained the low-performance versions of the same 3-5 songs. For each 
playback file, the songs repeated in random order approximately every 10 seconds for 6 minutes. 
The songs played for 2.5 minutes, followed by a 1-minute silent period, and then songs played 
again for 2.5 minutes. Because high-performance versions of songs were of shorter duration than 
their corresponding low-performance versions, I adjusted the length of the inter-song silence so 
that both versions of the song files contained the same number of songs (in identical order) and 
the song files were of the same length.  
Experiment methods 
I conducted simulated territorial intrusions from June 03 through June 19, 2013 on male 
Lincoln’s sparrows breeding near Molas Pass, CO. I selected 19 focal individuals identified with 
unique combinations of colorbands. At the time of banding, I measured the bill (height, width, 
and length), left and right tarsus length, and left and right wing cord length. I randomly assigned 
each male to one of the 10 pairs of playback files. I began the playback trial between 0600 – 
0900 hr by placing a speaker (Pignose, Legendary 7-100, Las Vegas, NV) at the territory center 
and, after 10 minutes of acclimation, broadcasting the playback songs for 6 minutes. A 10-
minute post-playback observation period followed the playback. I recorded the males’ songs, 
number of flights above the speaker, latency to approach within 1 m, time on the speaker, and 
average distance from the speaker, which I calculated as the average of the proportion of time 
spent within 1 meter (coded as average distance of 0.5 m), within 10 (coded as 5.5 m), and more 
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than 10 m (coded as 11 m, so as not to overweight the amount of time spent far away) from the 
speaker:  
Average Distance = !"#$ !!∗!.! ! !"#$ !"!∗!.! ! !"#$!!"!∗!!!  
I repeated the experiment in a second playback trial with the opposite playback treatment file at 
the same time the following morning. I alternated order of treatment presentation across males. 
Analysis 
I found positive correlations between tarsi length, wing cord length, and bill height, as 
well as a negative correlation between bill width and tarsi length. Therefore, I included these 
measurements in a principal component analysis to obtain a measurement of male size as an 
estimate of male competitive ability. In songbirds, adult body size reflects growth patterns and 
developmental conditions [Searcy et al. 2004; Aldredge 2016] and is likely related to dominance 
[Searcy 1979]. The first component explained 50% of the variation (Table 2), and all of the 
measurements loaded positively except for bill width, which had a negative loading. Therefore, I 
used PC1 as the measurement of male size for all of the analyses. Males with higher PC1 scores 
were larger and had tall, narrow bills. 
I also used a principal component analysis to obtain a composite measure of male 
behavior during playback. The first component explained 57% of the variation (Table 3). Higher 
loadings for PC1 corresponded to males that were aggressive during the playback; they spent 
more time on the speaker and within a close range of the speaker and had a shorter latency to 
approach the speaker. However, they also had fewer flights above the speaker.  
Males primarily responded during the intrusion with an elevation in non-singing 
behavioral aggression. Song responses largely followed the intrusion. Therefore, I analyzed song 
characteristics of up to the first 10 songs during each post-playback period for each male that 
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sang following the intrusion (Low: N = 12 males, average = 9.8 songs per male; High: N = 13 
males, average = 8.9 songs per male; Both treatments: N = 10 males). For each trill in each song, 
I measured trill length and trill syllable count to calculate trill rate, and used trill rate and 
frequency bandwidth to calculate trill performance [Sockman 2009](Appendix 1).  
I used linear mixed effects models with the program nlme [Pinheiro et al. 2016] or 
generalized linear models with a Poisson error distribution (for counts) with the program lme4 
[Bates et al. 2015] in R version 3.2.2 [R Core Team 2015] to test for the influence of playback 
treatment and male size on aggressive behavior during the playback and on the performance-
based characteristics of the songs (trill length, trill syllable count, trill rate, frequency bandwidth, 
trill performance) used in the post-playback period. I included focal male nested within playback 
song file as a random intercept and random coefficient on playback treatment. For all analyses of 
singing behavior, I ran two analyses, one with all of the data and a second with a subset of data 
that included only the 10 males that sang following both low- and high-performance treatments. 
This second analysis allowed me to determine if the influences of treatment on song were due to 
males altering their songs (rather than different males singing following each treatment).  
In order to determine if the song performance of focal males was superior to, equal to, or 
inferior to the assigned playbacks, in an additional set of analyses, I used linear mixed effects 
models to compare the performance-based characteristics of songs from each male in each 
treatment to his assigned treatment song file. For these latter analyses, I included male nested 
within playback song file as a random intercept.  
Lincoln’s sparrow males sing an average of four unique song types. They do not share 
song types among individuals, but they will share individual syllable types both within and 
among individuals [Cicero and Benowitz-Fredericks 2000]. To determine the way in which 
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males modulated song structure, I classified each syllable type. Blind to the treatments, I used 
spectrograms and song recordings to identify unique syllable types based on their spectro-
temporal characteristics (Figure 1). I then determined the mean song performance of each 
syllable type used in each treatment and used a paired t-test to determine if syllable types that 
were used in both treatments differed in song performance between treatments. Next, for each 
male that sang following both treatments, I determined if the male used the same or different 
syllable types between the two treatments by determining the percent overlap in syllable type use 
between the two treatments. I calculated the percent overlap for each male by dividing the 
number of syllable types that a male shared between treatments by the total number of unique 
syllable types that the male used.   
RESULTS 
Effect of playback on aggressive behavior 
Males were more aggressive during the playback when exposed to the high- compared to 
low-performance versions of the playback songs (PC1 Est. ± SEM = 0.41 ± 0.18, df = 18, t = 
2.25, p = 0.037, Figure 2a). However, there was also variation between individual males in their 
aggressive responses. Each playback song file pair contained a unique set of songs, and in 
addition to the variation in trill length, trill rate, and trill performance introduced by the digital 
manipulation, these songs also varied naturally in trill length, trill rate, trill performance, and 
frequency bandwidth (Coefficients of variation for playback files across both treatments: trill 
length = 0.54, trill rate = 0.41, trill performance = 0.26, and frequency bandwidth = 0.25). I 
asked whether these aspects of song performance could contribute to the between individual 
variation in aggressive behavior. Therefore, I repeated the analysis of PC1 for aggressive 
behavior, but in addition to treatment as a fixed factor, I included as covariates the average trill 
	
57	
length, trill rate, trill performance, and frequency bandwidth of songs from the playback files. In 
addition to retaining the significant effect of treatment in this analysis, (Est. ± SEM = 0.95 ± 
0.31, df = 17, t = 3.11, p = 0.006), males that were exposed to playback songs with long trills 
were more aggressive (Est. ± SEM = 9.87 ± 4.44, df = 17, t = 2.22, p = 0.040 Figure 2b). The 
other covariates were not significantly correlated with aggressive behavior (all p > 0.05).  
Effect of playback on focal male song 
I tested for an effect of treatment on focal male trill performance, frequency bandwidth, 
trill length, trill syllable count, and trill rate. Compared to their songs following the low-
performance treatments, following the high-performance treatments, males produced songs of 
lower performance (all males: Est. ± SEM = -0.12 ± 0.05, df = 9, t = 2.54, p = 0.038; subset of 
10 males that sang following both treatments: Est. ± SEM = -0.13 ± 0.05, df = 9, t = 2.54, p = 
0.031, Figure 3a) with smaller frequency bandwidths (all males: Est. ± SEM = -0.14 ± 0.05, df = 
9, t = 2.89, p = 0.018; subset: Est. ± SEM = -0.16 ± 0.05, df = 9, t = 2.95, p = 0.016, Figure 3b), 
and longer trills (all males: Est. ± SEM = 0.03 ± 0.01, df = 9, t = 2.33, p = 0.044, subset: Est. ± 
SEM = 0.03 ± 0.01, df = 9, t = 2.31, p = 0.046, Figure 3c). There was not a reliable effect of 
treatment on trill syllable count (all males: Est. ± SEM = 0.06 ± 0.04, χ2 = 1.91, df = 1, p = 0.17; 
subset: Est. ± SEM = 0.07 ± 0.04, χ2 = 2.53, df = 1, p = 0.11) or trill rate (all males: Est. ± SEM 
= 0.01± 0.06, t = 0.17, df = 9, p > 0.2; subset: Est. ± SEM = 0.02 ± 0.07, t = 0.34, df = 9, p > 
0.2). 	
In order to determine if the song performance of focal males was superior to, equal to, or 
inferior to the intruder song, I next compared each male’s trill length, frequency bandwidth and 
trill performance (the song characteristics that differed between treatments) to those 
measurements in his uniquely assigned playback songs.  For trill performance, males did not 
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differ from their assigned low-performance treatment songs, but they sang songs with 
significantly lower trill performances than their assigned high-performance treatment songs 
(Table 5, Figure 4a). For trill length, males sang songs that had significantly shorter trills than 
their assigned low-performance treatment songs, but they did not differ in trill length from their 
assigned high-performance treatment songs (Table 5, Figure 4b). The frequency bandwidth of 
focal male songs did not differ from treatments songs in either treatment (Table 5).  
In order test the hypothesis that signal elevation is constrained by male competitive 
ability, I tested for an interactive effect of treatment and male size (as an estimate of male 
competitive ability) on the song characteristics that differed between the treatments. I found an 
interaction between the effects of treatment and male size on trill performance (Table 4, Figure 
5). Trill performance increased with male size following the low- but not the high-performance 
treatment (low: Est. ± SEM = 0.07 ± 0.02, df = 3, t = 3.72, p = 0.034; high: Est. ± SEM = 0.02 ± 
0.03, df = 3, t = 0.52, p > 0.2). I found an interaction between the effects of treatment and male 
size on frequency bandwidth (Table 4). However, there was no significant correlation between 
frequency bandwidth and male size within either treatment (low: Est. ± SEM = 0.06 ± 0.03, df = 
3, t = 2.15, p = 0.12; high: Est. ± SEM = 0.01 ± 0.03, df = 3, t = 0.33, p > 0.2). There was a trend 
for an interaction between the effects of treatment and male size on trill length (Table 4), but 
there was no significant correlation between trill length and male size within either treatment 
(low: Est. ± SEM = 0.02 ± 0.01, df = 3, t = 3.30, p = 0.11; high: Est. ± SEM = 0.002 ± 0.01, df = 
3, t = 0.20, p > 0.2) 
I next tested for a possible trade-off between trill performance and trill length by testing 
for a relationship between trill performance and trill length. Across all trills, I found a weak 
positive relationship between trill performance and trill length, (t = 4.5, df = 853, p <0.001, R2 = 
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0.02), a weak positive relationship between frequency bandwidth and trill length, (t = 6.8, df = 
853, p <0.001, R2 = 0.05) and a weak negative relationship between trill rate and trill length (t = -
4.17, df = 853, p <0.001, R2 = 0.02). When I examined only the trills in each male’s songs with 
the maximum trill performance, I found a weak negative relationship between trill performance 
and trill length (t = -2.23, df = 231, p = 0.027, R2 = 0.02).  
Mechanism of song modulation in focal males 
I determined the average trill performance, frequency bandwidth, and trill length of each 
syllable type in each treatment. For the syllable types that were used in both treatments, I then 
used paired t-tests to determine if average trill performance, frequency bandwidth or trill length 
of the syllable types differed between the treatments. There was not a significant treatment effect 
on average trill performance (paired t-test = 0.56, df = 20, p > 0.2), average frequency bandwidth 
(paired t-test = 1.36, df = 20, p-value = 0.18) or average trill length (paired t-test = 0.30, df = 20, 
p > 0.2) of the syllable types. For the 10 individual males that sang in both treatments, I divided 
the number of syllable types that a male used in both treatments (mean ± SD = 1.2 ± 0.47) by the 
total number of syllable types that the male used (mean ± SD = 8.3 ± 0.68). This calculation 
revealed that on average males used 16% of their syllable types in both treatments.  
DISCUSSION 
In the current study, male Lincoln’s sparrows modulated their song performance in 
response to an intruder song by improving the aspect of song that was of lower performance in 
the intruder song. Males elevated trill performance, but not trill length, following broadcast of 
songs that had low trill performance and long trill length, and they elevated trill length, but not 
trill performance, following broadcast of intruder songs with high trill performance and short trill 
length. Although it is not possible to determine whether males were specifically responding to 
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trill performance or to trill length of the treatment songs, the measurement of aggressive 
behavior indicates that both were important components of competitive song.  I found that both 
high trill performance and long trill length of intruder songs elicited aggressive responses from 
territorial Lincoln’s sparrows. Males were more aggressive when exposed to the versions of 
songs with higher trill performance compared to lower trill performance. In addition, between all 
males and both treatments, aggression increased with increasing average trill length of the 
playback song files. Together, these results suggest that both trill performance and trill length 
provide competitive information about song, although it remains to be seen whether some 
correlate of trill length, such as syllable type, is what drives aggression.  
The strategy that males used to selectively improve either trill performance or trill length 
may have been due, at least in part, to the difference between the male’s own singing ability and 
the trill performance or trill length of the intruder songs. Males elevated their trill performance 
following the low-performance treatment, and yet their trill performance was not significantly 
better than the trills of the low-performance intruder (which I had artificially decreased). 
Therefore, even if they had elevated trill performance following the high-performance treatment, 
males may not have been capable of matching the trill performance of the high performance 
intruder. They could, however, match the trill length of the high performance intruder, as 
indicated by the similar trill lengths between focal males and the high-performance intruders. 
Therefore, they may have invested in trill length, rather than trill performance, when the trill 
performance of the intruder song was too great to match, and they may have invested in trill 
performance, rather than trill length, when the trill length of the intruder song was too long to 
match. This strategy would indicate that males attend to multiple components of a rival’s song 
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[Vehrencamp 2000; Gil and Gahr 2002], but selectively elevate only the components that they 
are able to make superior or equal to the rival.  
An obvious question is why males would not maximize both trill performance and trill 
length simultaneously. Males may face constraints in maximizing both trill performance and trill 
length during maximum trait expression [Galeotti et al. 1997; Saino et al. 2003]. In support of 
this hypothesis, I found a negative relationship between trill performance and trill length when I 
examined only the trills in each song with the highest trill performance. This negative 
relationship suggests that for maximum performance trills, males may be constrained in their 
ability to also maximize trill length [Galeotti et al. 1997; Saino et al. 2003]. Such a constraint 
could contribute to the selective, context-dependent improvement in only trill performance or 
only trill length following the intruder song. However, across all trills the relationship between 
trill performance and trill length was positive, suggesting that in general as trill performance 
improves trill length improves as well. 
If trill performance and trill length are constrained, one source of the constraint could 
come from the relationship between trill length and trill rate. Trill length is one component of 
trill rate, and trill rate is used to calculate trill performance. If all else were equal, a shortening of 
trill length would increase trill rate, which would also increase trill performance [Podos 1997; 
Sockman 2009](Appendix 1). Therefore, one possible explanation for the current results is that 
the increase or decrease in trill performance following the treatments is a direct result of a 
corresponding decrease or increase in trill length. However, the data do not support that 
explanation; males improved trill performance primarily by increasing or decreasing frequency 
bandwidth, while keeping trill rate similar between the two treatments. 
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Several studies suggest that index signals such as trill performance are honest indicators 
of male quality [Searcy and Nowicki 2005]. In support of that hypothesis, I found that trill 
performance following the low performance treatment was positively related to male size. 
Therefore, although males are flexible in their trill performance, this flexibility may be 
constrained by male morphology. Furthermore, the lack of a relationship between trill 
performance and male size following the high-performance treatment suggests that the constraint 
of male size on trill performance may only be detectable when males maximize trill performance 
[Gavassa et al. 2012]. Across taxa, the dependence of male morphology on signal modulation 
may depend on the specific constraints of the signal [Wagner 1992; Bee et al. 2000; Reby and 
McComb 2003; Gavassa et al. 2012]. Across several songbird species, trill performance is often 
correlated with some measure of male quality (e.g. age and size) and bill morphology [Hoese et 
al. 2000; Podos 2001; Sockman 2009; Ballentine 2009]. Therefore, it is not surprising that the 
ability to maximize trill performance was related to some of these aspects of male morphology in 
the current study.    
There was little (16%) overlap in syllable type between the songs produced in response to 
the high-performance playbacks and those produced in response to the low-performance 
playbacks, indicating that males modulated structural characteristics of song by using different 
syllables types and song types across the two treatments. While this finding does not exclude the 
possibility that males can also adjust structural characteristics of individual syllables [DuBois et 
al. 2009], I did not find treatment differences in trill performance, frequency bandwidth, or trill 
length of syllable types. An individual Lincoln's sparrow will sing on average four different song 
types, each composed of on average five different syllable types [Cicero and Benowitz-
Fredericks 2000]. Syllable types are often shared between males, but song types are typically 
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unique to a single male [Cicero and Benowitz-Fredericks 2000]. Therefore, from their repertoire, 
males may have selected the song types that would allow them to selectively sing songs with 
trills of higher frequency bandwidth, and therefore trill performance, or songs with longer trills, 
depending on the intruder song performance [Cardoso et al. 2012].  
The experiment occurred relatively early in the breeding season, when males had already 
established territories and females were initiating clutches, but prior to the nestling stage 
[Sockman 2009]. In addition, the songs that I recorded and analyzed occurred following the 
conclusion of the territorial intrusion. Therefore, these broadcast songs were potentially directed 
not only at the intruder male, but also at eavesdropping rivals, mates, and potential mates [Otter 
et al. 1999; Fitzsimmons et al. 2008]. In Lincoln’s sparrows, females previously exposed to low 
performance trills decrease their threshold for attractiveness to novel male song, indicating that 
females evaluate relative song quality when assessing potential mates [Lyons et al. 2014]. By 
improving the parts of song that are of lower performance in the competitor’s songs, territory 
holders may gain female attraction by making at least one aspect of their songs as attractive as 
the intruder’s songs.  
Together, the results from the current study indicate that males have complex strategies 
for modulating song following a territorial intrusion. Males used different syllable types to either 
increase trill performance following intrusions with songs that had low trill performance, or to 
increase trill length following intrusions with songs that had high trill performance. Males are 
potentially constrained in their ability to simultaneously maximize performance and length, as 
evidenced from the negative correlation between maximum trill performance and trill length and 
from the finding that the increase in trill performance was related to male size. Therefore, 
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modulation of song in competitive interactions may be dependent on benefits of improving 
relative song quality and on constraints of maximizing multiple characteristics of song.  
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TABLE AND FIGURE LEGENDS 
Table 3.1. Mean trill performance, trill rate, and trill length of songs digitally manipulated for the 
low- and high-performance treatments. Trill performance is a relative measure determined by the 
distance of the trill from the upper bound regression line of a bivariate plot of trill frequency 
bandwidth (kHz) regressed on trill rate (syllables/sec). 
Table 3.2. Loadings for the first principal component score for the principal component analysis 
of male bill size, tarsus length, and wing cord length. The first axis explained 50% of the 
variation in male size. 
Table 3.3. Loadings for the first principal component score for the principal components analysis 
of number of flights above the speaker, latency to approach within 1 meter of the speaker, 
amount of time on the speaker, and average distance from the speaker. The first axis explained 
57% of the variation in male behavior. 
Table 3.4. Results from GLMMs analyzing the interactive effect of treatment and size on male 
trill performance, frequency bandwidth, and trill length. Treatment songs were coded as 0 for 
low performance and 1 for high performance. 
Table 3.5. Results from GLMMs analyzing the difference in trill length, frequency bandwidth, 
and trill performance between each male’s songs within a treatment and his assigned playback 
songs for that treatment. Type is a dummy variable to indicate whether the songs were playback 
treatment songs (coded as 0) or were recorded from the focal male (coded as 1).   
Figure 3.1. Exemplars of recorded songs from two males (A and B) that sang in both the high 
and low performance treatments. The trills outlined in red indicate trills that share a common 
syllable type between males A and B and between treatments within male B.  
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Figure 3.2. (a) Behavioral response to treatment songs and (b) behavioral response to treatment 
songs as a function of treatment and the average trill length of treatment songs. Within 
individuals, males were more aggressive toward high performance songs; between individuals, 
males were more aggressive toward songs with long trill length.  
Figure 3.3. Influence of treatments songs on (a) trill performance, (b) frequency bandwidth, and 
(c) trill length. Males increase trill performance and frequency bandwidth but decreased trill 
length in response to the low-performance intruder compared to the high-performance intruder. 
Figure 3.4. Focal male songs compared to their assigned playback songs in each treatment. For 
(a) mean trill performances, focal male trill performance did not differ from the low-performance 
treatment songs, but was lower than the high-performance treatment songs. For (b) mean trill 
lengths, focal male trill length was shorter than the low-performance treatment songs but did not 
differ from the high-performance treatment songs.  
Figure 3.5. Relationship between male size and trill performance following each treatment. Each 
point represents the mean ± SEM of trill performance for an individual male in one treatment. 
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Table 3.1 Summary of treatment songs 
 
 
N High 
(Mean ± SEM) 
Low 
(Mean ± SEM) 
t* P* 
Trill performance 188 -1.55 ± 0.03 -1.64 ± 0.03 13.19 <0.001 
Trill length 188 0.27 ± 0.01 0.32 ± 0.01 14.87 <0.001 
Trill rate 188 10.83 ± 0.32 9.15 ± 0.26 13.19 <0.001 
* From paired t-test 
 
Table 3.2 Loadings from PC1 of male body size  
Measurement PC1 
Left Cord 0.421722 
Right Cord 0.4429545 
Bill Height 0.4155572 
Bill Width -0.3110345 
Left Tarsus 0.4645368 
Right Tarsus 0.3751228 
 
 
Table 3.3 Loadings from PC1 of male behavior 
Measurements PC1 
Fly Above -0.2355225 
Latency -0.5011249 
On speaker 0.5705386 
Average distance -0.6065383 
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Table 3.4 Effects of treatment and male size on male song 
 Est. SEM DF t P 
Trill performance      
 Intercept -1.54 0.06    
 Treatment -0.16 0.05 8 -3.23 0.01 
 Size 0.07 0.03 5 2.43 0.06 
 Treat X Size -0.07 0.02 8 -2.89 0.02 
Frequency bandwidth      
 Intercept 1.44 0.05    
 Treatment -0.21 0.04 8 -5.65 0.001 
 Size 0.06 0.03 5 2.08 0.09 
 Treat X Size -0.08 0.02 8 -3.93 0.004 
Trill length      
 Intercept 0.24 0.01    
 Treatment 0.02 0.01 8 1.43 0.19 
 Size 0.01 0.01 5 1.98 0.10 
 Treat X Size -0.01 0.01 8 -2.02 0.08 
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Table 3.5 Differences between focal male song and assigned treatment song 
 Est. SE
M 
DF t P 
Trill length      
High Intercept 0.27 0.02    
 Type -0.01 0.02 12 -0.36 >0.2 
Low Intercept 0.32 0.02    
 Type -0.08 0.03 11 -3.13 0.010 
Frequency bandwidth      
High Intercept 1.36 0.05    
 Type -0.09 0.06 12 -1.44 0.18 
Low Intercept 1.36 0.06    
 Type 0.04 0.08 11 0.52 >0.2 
Trill performance      
High Intercept -1.55 0.05    
 Type -0.14 0.06 12 -2.28 0.042 
Low Intercept -1.64 0.06    
 Type 0.07 0.07 11 0.97 >0.2 
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Figure 3.1 Exemplars of focal male songs highlighting a shared syllable type 
 
 
Figure 3.2 Effects of treatment songs on aggressive behavior 
          
 
  
Male	A	
high	
low	
high	
low	
Male	B	
−1.0
−0.5
0.0
0.5
1.0
highlow
Playback treatment
PC
1 
of
 a
gg
re
ss
iv
e 
be
ha
vi
or
−1.0
−0.5
0.0
0.5
1.0
highlow
Playback treatment
PC
1 
of
 a
gg
re
ss
iv
e 
be
ha
vi
or
PC
1	
of
	A
gg
re
ss
iv
e	
Be
ha
vi
or
	
Low	 High	
0.200
0.225
0.250
0.275
0.300
highlow
Playback treatment
Tr
ill
 le
ng
th
 (s
ec
)
a	
−2
0
2
4
0.1 0.2 0.3 0.4 0.5
average trill length (sec)
fo
ca
l m
al
e 
re
sp
on
se
 (P
C1
)
perf
high
low
PC
1	
of
	A
gg
re
ss
iv
e	
Be
ha
vi
or
	
Average	Tri l	Length	(sec)	
a	
b	
b	
	
71	
Figure 3.3 Effects of treatment songs on focal male song 
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Figure 3.4 Comparisons between focal male song and assigned treatment song 
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Figure 3.5 Relationship between focal male trill performance and body size 
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CHAPTER FOUR: CONTRAST INFLUENCES FEMALE ATTRACTION TO PERFORMANCE-BASED 
SEXUAL SIGNALS IN A SONGBIRD 
Lyons, S. M., Beaulieu, M., & Sockman, K. W. (2014). Contrast influences female attraction to 
performance-based sexual signals in a songbird. Biology letters, 10(10), 20140588. 
http://rsbl.royalsocietypublishing.org/ 
SUMMARY 
Animals do not make decisions in a bubble but often refer to previous experience when 
discriminating between options. Contrast effects occur when the value of a stimulus affects the 
response to another value of the stimulus, and the changes in value and response are in the same 
direction. Although contrast effects appear irrational, they could benefit decision makers when 
there is spatial or temporal variation and autocorrelation in the value of stimuli that elicit 
decisions. Here, we examined whether contrasts influence female evaluation of male 
performance-based sexual signals. We exposed female Lincoln’s sparrows (Melospiza lincolnii) 
to one week of songs we had experimentally reduced or elevated in performance followed by a 
novel song of intermediate-performance. We found that high-performance songs were more 
attractive to females than low-performance songs. Moreover, the intermediate songs were more 
attractive following exposure to low- than to high-performance songs. These results indicate that 
contrast can influence evaluation of performance-based sexual stimuli. By examining contrast 
effects in the ecologically relevant context of mate choice for performance, we can better 
understand both the adaptive value of comparative evaluation as well as the mechanisms that 
underlie variation in mate choice and sexual selection. 
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INTRODUCTION 
Individuals often enhance or reduce their response to a stimulus depending on whether 
they previously experienced similar stimuli of lesser or greater value, respectively. These 
contrast effects appear irrational under the view that decisions should be path independent, such 
that the value of past stimuli is irrelevant to current decision-making [Fawcett et al. 2014]. 
However, contrast effects appear to be taxonomically widespread and occur for a variety of 
stimuli [Flaherty 1996; Kelley and Kelley 2014]. Determining how contrasts influence 
behaviours directly relevant to the natural history of organisms may elucidate the ecological 
rationality of contrast effects [Bateson and Healy 2005; Fawcett et al. 2014]. Mate choice often 
involves comparison of multiple mates and a resultant choice, based at least in part on 
perceptions of mate attractiveness [Andersson 1994]. Previous studies indicate that contrasts can 
influence perception of mate attractiveness, which could have major fitness implications for mate 
choice (e.g., [Bateman et al. 2001], reviewed in [Gibson and Langen 1996; Bateson and Healy 
2005]). 
In the current study, we tested the hypothesis that the attractiveness of a performance-
based sexual signal depends on its contrast with recently experienced signals. Performance-based 
traits are typically under positive directional selection [Irschick et al. 2008] and may convey 
information about vigour and skill [Byers et al. 2010; Barske et al. 2011], suggesting they can be 
important in assessment of prospective mates. Due to a biomechanical constraint of the vocal 
tract, the performance of trilled syllables in the songs of many songbird species reflects a trade-
off between maximizing the rate of syllable repetition and maximizing the frequency bandwidth 
of those syllables [Byers et al. 2010; Wilson et al. 2014]. Trill performance varies within and 
between males [Sockman 2009; Wilson et al. 2014], and in several species females prefer high-
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performance trills in mate-choice contexts [Caro et al. 2010; Byers et al. 2010]. In Lincoln’s 
sparrows (Melospiza lincolnii), females prefer songs with high-performance trills [Caro et al. 
2010], and there is annual variation in a population's mean level of trill performance [Sockman 
2009]. For females experiencing such variation in trill performance, a contrast effect could be 
adaptive, as it would allow females to adjust their threshold of acceptance for trill performance 
relative to the current availability of high-performance trills [Collins et al. 2006]. We predicted 
that if contrasts influence female evaluation of male trill performance, females accustomed to 
low-performance trills would find a novel song with trills of intermediate-performance more 
attractive than would females accustomed to high-performance trills.  
MATERIAL AND METHODS 
In July 2010, we collected 8-day-old Lincoln’s sparrow chicks near Molas Pass, CO, 
U.S.A. (37.74°N, 107.69°W) and reared them in outdoor aviaries at the University of North 
Carolina (Chapel Hill, NC, U.S.A.) [Caro et al. 2010; Beaulieu and Sockman 2012]. Starting 
March 2012, we moved 12 females indoors into individual cages on a 16-hour light and 8-hour 
dark photoperiod for 21 days to drive them into a reproductive-like state [Nicholls et al. 1988]. 
Song exposure 
We randomly assigned 12 females exposure to either high-performance or low-
performance songs (six females per treatment). We created these treatments from 18 songs (three 
recorded from each of six males) by cutting 15 ms of silence from the inter-syllable space of 
each trill in each song for the high-performance treatment and pasting it into the corresponding 
inter-syllable space of each song's digital copy for the low-performance treatment (Figure 1, 
Appendix 2). 
We exposed females to treatment songs using eight sound-attenuation chambers (58 × 41 
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× 36 cm; Industrial Acoustics Company, New York, NY) each containing a functioning speaker 
at one end and a non-functioning speaker at the other end (Pioneer Corp. TS-G1040R). We 
balanced the side with the functioning speaker across treatments. We attached each speaker to a 
mono-block amplifier (Audiosource Amp 5.1A, Portland, OR, USA) that we interfaced (M-
Audio Delta 1010, Irwindale, CA, USA) to a central computer (Apple Inc., Cupertino, CA, USA) 
broadcasting the high- and low-performance songs to their respective chambers. We placed the 
chambers in one room and assigned individual females to chambers such that the chambers of 
one treatment were spatially interspersed with those of the other treatment.  
Each morning for seven days, we exposed females to six hours of the treatment songs. An 
individual song lasts 2-3 seconds, and we played one every 10 seconds for 20-minute periods 
interspersed with 10-minutes of silence. The order of songs was random, except that we played 
all three songs from a single male before moving on to playbacks from another randomly drawn 
male. On the eighth morning, instead of treatment songs, we exposed all females from both 
treatments to the same novel song, repeated every 10 seconds. We selected the song based on its 
mean trill performance, which was between that of the low- and high-performance treatments 
(i.e., intermediate-performance).  
Ten days after exposure to the intermediate-performance song, we repeated the 
experiment in a second round using the same females in their same chambers, but we exposed 
them to the opposite treatment and a new, novel intermediate-performance song on the eighth 
day. Because we had only eight chambers, we split each round between two sessions.  
Behavioural assay 
One computer (Dell Optiplex 990 running Multicam Surveillance software; Ingram 
Technologies, Price, UT, USA) -driven video camera (B/W CCD Camera, Super Circuits, 
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Austin, TX, USA) per chamber enabled us to record phonotaxis behaviour on treatment days one 
and six and during intermediate song exposure (day 8). We quantified the time females spent in 
the half of the cage nearest the active speaker for three minutes before (baseline) and the first 
three minutes during (phonotaxis) song exposure [Caro et al. 2010; Beaulieu and Sockman 
2012]. 
Analyses 
We performed analyses using linear mixed-effects models (nlme) or linear models in R 
[Pinheiro et al. 2014]. Phonotaxis time was the dependent variable, song treatment the predictor, 
and baseline association time was a covariate to control for cage-side bias. On days six and eight, 
we nested round within individual as a random intercept. We did not include random effects for 
day one, because on this day, we failed to record behaviour for all birds during round one and for 
one bird during round two.  
RESULTS 
On the first day of song treatment, females were more attracted to high-performance 
songs than low-performance songs (t = 2.99, d.f. = 8, p = 0.017). When we assayed females’ 
behaviour five days later, we no longer found an effect of song treatment (t = 0.14, d.f. = 10, p > 
0.2), suggesting females had habituated to these stimuli. However, on day eight, females were 
more attracted to the novel intermediate-performance song following exposure to the low- than 
to the high-performance treatment (t = 2.50, d.f. = 10, p = 0.031, Figure 2).  
DISCUSSION 
Our study demonstrated a contrast effect in attraction to a performance-based sexual 
signal. We found that novel intermediate-performance birdsong was more attractive to females 
following exposure to low- than to high-performance song treatments. Contrast effects occurring 
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in the context of feeding are predicted to be adaptive if there is autocorrelated variation in the 
quality of the environment [McNamara et al. 2013]. Similarly, contrast effects occurring in the 
context of mate choice may be adaptive when there is autocorrelated variation in availability of 
high-performance sexual signals. Average trill performance of a population of Lincoln's 
sparrows varies annually [Sockman 2009], suggesting that females who are not flexible in the 
performance threshold they accept from a potential mate might forego mating during years when 
high-performance trills are rare [Real 1990; Collins et al. 2006; Sockman 2007; Fowler‐Finn 
and Rodríguez 2012]. The contrast effect we demonstrated would provide a mechanism for such 
flexibility.  
Most studies of the contrast effect show evidence for only a negative contrast effect 
(reduced response to the test stimulus following exposure to a higher-valued stimulus, relative to 
controls). However, theory predicts that contrasts should be both positive and negative 
[McNamara et al. 2013]. In the current study, we were not able to determine whether the contrast 
effect was positive, negative or both. To determine the direction of the effect, one would need to 
also expose females to intermediate-performance versions of the treatment songs to control for 
overall attractiveness of the novel songs. However, we had no such control nor any pre-
conceived expectations of the overall attractiveness of the novel, intermediate-performance 
songs, as Lincoln’s sparrow’s songs vary in many aspects other than performance, and these 
aspects can also influence song's attractiveness [Caro et al. 2010]. Instead, we predicted only that 
intermediate-performance song would be more attractive after exposure to low-performance 
songs than after exposure to high-performance songs. Our results were in line with this 
prediction.   
Contrast effects often occur when reward value is different from the anticipated value, 
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suggesting that reward reinforcement underlies the contrast effect [Flaherty 1996]. In songbirds, 
it is probable that song in general does hold reward value for females [Maney 2013], raising the 
possibility that motivation and reward expectation could explain the observed contrast effect. 
However, non-rewarding sensory stimuli can also elicit similar perceptual contrasts [Kelley and 
Kelley 2014]. Studies in European starlings (Sturnus vulgaris) suggest that the quality of 
previously heard song modulates the auditory forebrain’s sensitivity to song quality [Sockman et 
al. 2002], and it is tempting to speculate that neuroplasticity in the auditory forebrain mediates 
the effect of contrast on female responses to male song [Sockman 2007]. Therefore, perceptual 
as well as motivational factors may mediate female response to change in trill performance.  
If rational choice requires path independence, females should respond to the novel song 
without regard to previous song experience [Fawcett et al. 2014]. However, the effect of 
contrasts in this study supports the hypothesis that females assign a relative value rather than an 
absolute value to male traits when choosing a mate [Bateson and Healy 2005]. Mate choice can 
strongly contribute to fitness and can play a role in speciation [Andersson 1994], and the contrast 
effect may underlie much of the observed variation in mate choice [Bateson and Healy 2005]. 
Understanding how contrasts can influence mate choice provides further insight into the fitness 
consequences of this possibly widespread phenomenon. 
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FIGURE LEGENDS 
Figure 4.1. Spectrograms of three exemplars of the 18 treatment songs manipulated for the (a) 
high-performance and (b) low-performance treatments.  
Figure 4.2. Mean (± SEM) (a) phonotaxis time and (b) residuals of phonotaxis time (controlling 
for cage side-bias) of female Lincoln’s sparrows exposed to high- (open symbols) or low-
performance (solid symbols) songs, during exposure to treatment songs (days one and six) and to 
novel intermediate-performance song (day eight). 
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Figure 4.1 Exemplars of treatment songs 
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Figure 4.2 Effect of treatment songs on phonotaxis behavior  
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CHAPTER FIVE: FEMALE LINCOLN’S SPARROWS (MELOSPIZA LINCOLNII) SHOW GREATER 
MONOAMINERGIC SENSITIVITY TO TRILL PERFORMANCE THAN MALES 
SUMMARY 
In many species, successful reproduction is dependent on the ability to adaptively adjust 
social behavior in response to an ever-changing social environment. Because a signal's salience 
and valence can differ between females and males, responses to those signals should also differ. 
One way individuals can modulate social behavior is through experience-dependent modulation 
of the sensory systems that respond to social signals. Central monoamines (norepinephrine, 
dopamine, serotonin) modulate neural sensitivity to social stimuli and are key regulators of 
experience-dependent neuroplasticity in vertebrate sensory systems. However, few studies have 
examined how exposure to different social environments influences monoaminergic activity in 
female compared to male sensory systems. I used female and male Lincoln’s sparrows 
(Melospiza lincolnii) to determine how variation in the trill performance of song in the social 
environment influences central monoamines in the auditory telencephalon. Trill performance, 
which varies in a wild population of Lincoln’s sparrows, reflects the difficulty with which songs 
are produced. High performance trills are more competitive to males and more attractive to 
females. I found that the effects of the social environment on monoaminergic activity were sex-
dependent. Exposure to high- compared to low-performance songs decreased noradregenergic 
activity in the caudomedial nidopallium, and tended to decrease serotoninergic activity in the 
caudomedial mesopallium and caudomedial nidopallium of the auditory telencephalon in 
females, but in males the monoamine measurements were indistinguishable between social 
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environments. These results fit a broader prediction that perceptual sensitivity to variation in 
male song should differ between the sexes.  
INTRODUCTION 
Animals live in dynamic environments, and often must integrate information about the 
environment and modulate their behavior accordingly. Individuals could integrate information 
about their social environment through changes in sensory perception in response to the social 
environment [Sockman et al. 2002; Sockman et al. 2005; George and Cousillas 2013; 
Weitekamp and Hofmann 2014]. The song of male songbirds is an important social signal for 
both males and females. It functions to attract mates when directed towards females and to signal 
competitive ability when directed towards males [Searcy 1992; Nowicki and Searcy 2006; 
Searcy and Beecher 2009]. Exposure to song influences subsequent behavior and neural activity 
in both females and males, indicating that both sexes are sensitive to experience with song in 
their social environment [Sockman et al. 2002; Sockman and Salvante 2008; Salvante et al. 
2010; Sewall et al. 2010; Lyons et al. 2014]. However, the function and valence of songs can 
differ between females and males, as singers represent potential mates for females but potential 
rivals for males [Searcy 1992; Nowicki and Searcy 2006; Searcy and Beecher 2009]. Therefore, 
social experience with song may affect sensory processing differently between sexes. 
Serotonin, dopamine, and norepinephrine are monoaminergic neuromodulators that 
facilitate neuroplasticity and often change aspects of sensory processing based on prior 
experience [Berridge and Waterhouse 2003; Hurley et al. 2004; Castelino and Schmidt 2010; 
Hurley and Hall 2011]. Thus, they are key players at regulating experience-dependent behavioral 
plasticity. Serotonin regulates several aspects of behavior, and facilitates sensory encoding in 
mammalian auditory systems [Hurley and Hall 2011]. Dopamine is involved in regulating 
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learning and neuroplasticity [Bao et al. 2001] and in encoding incentive salience of stimuli 
[Berridge and Robinson 1998; Maney 2013]. Norepinephrine regulates attention and memory 
formation throughout sensory systems by increasing the signal to noise ratio in response to 
sensory stimuli [Oades 1985; Aston-Jones and Cohen 2005; Sara 2009; Castelino and Schmidt 
2010].  
In songbirds, monoamines innervate the caudomedial mesopallium (CMM) and 
caudomedial nidopallium (NCM) of the auditory telencephalon [Mello et al. 1998; Appeltants et 
al. 2001; Kubikova et al. 2010; Matragrano et al. 2011; Matragrano et al. 2012b], which are 
analogous to parts of the mammalian secondary auditory cortex [Vates et al. 1996; Pinaud and 
Terleph 2008]. The CMM and NCM process experience-dependent information about song in 
both females and males [Gentner et al. 2001; Gentner et al. 2004; Sockman 2007; Knudsen and 
Gentner 2010].  Previous studies have found that experience with song modulates monoamines 
within the auditory telencephalon [Sockman and Salvante 2008; Salvante et al. 2010; Matragrano 
et al. 2012a; Sewall et al. 2013]. However, given the fact that the sexes often differ in how they 
respond to variation in song and that the auditory forebrain shows sensitivity to experience with 
conspecific song in both sexes [Sockman et al. 2002; Salvante et al. 2010], I hypothesized that 
the sexes would differ in how monoamines in the auditory forebrain respond to variation in 
experience with male song.  
In the current study I tested the hypothesis that experience with one aspect of song, trill 
performance, influences monoaminergic activity in CMM and NCM differently in male and 
female Lincoln’s sparrows (Melospiza lincolnii). Trill performance reflects a biomechanical 
constraint between the rate with which individuals produce trilled syllables (trill rate) and the 
frequency bandwidth of those syllables [Podos 1997; Wilson et al. 2014]. Trill performance 
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varies annually in Lincoln’s sparrows, suggesting that individuals experience variation in 
average trill performance of their social environment [Sockman 2009]. Female Lincoln’s 
sparrows prefer songs of high trill performance [Caro et al. 2010; Lyons et al. 2014]. However, 
experience also influences preference for trill performance [Lyons et al. 2014]. There is also 
evidence that songs with high trill performance are challenging for male sparrows [DuBois et al. 
2009; Moseley et al. 2013] and that previous exposure to trill performance as well as other 
aspects of song quality modulates competitive behavior in male Lincoln’s sparrows [Sewall et al. 
2010; Chapter Two; Chapter Three].  
I exposed female and male Lincoln’s sparrows to one-morning (5.25 hours) of either low- 
or high-performance versions of the same songs. I chose this length of exposure with the 
assumption that it would capture a time point in which the auditory telencephalon was 
integrating information about the quality of the prevailing song environment. After exposure, I 
measured serotonergic, dopaminergic, and noradrenergic activity in the CMM and NCM of 
females and males.  
METHODS 
Animals and Housing 
I performed the research reported herein under guidelines established by the University of 
North Carolina at Chapel Hill Institutional Animal Care and Use Committee (protocol 05-138.0-
A). In June and July 2010, our lab collected 8-day-old Lincoln’s sparrow nestlings near Molas 
Pass, CO (lat 37.74°N, long 107.69°W), molecularly sexed them, and reared them in outdoor 
aviaries on natural photoperiods at the University of North Carolina (Chapel Hill, NC, U.S.A.) in 
a manner identical to a previously published study [Caro et al. 2010]. On November 15, 2012, I 
moved 31 Lincoln’s sparrows into an indoor testing facility and housed them individually in 
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cages with ad libitum access to food and water on an 8 L: 16 D photoperiod. Starting January 13, 
2013, I switched a group of eight birds to a 16 L: 8 D photoperiod for four weeks in order to 
drive them into a reproductive-like state [Nicholls et al. 1988]. Every three days, I switched 
another group of eight birds to the 16 L: 8 D photoperiod for a total of four groups. The first 
three groups contained four females and four males each. The last group contained one female 
and six males.  
Song Treatments 
I determined trill rate, frequency bandwidth, and trill performance for each trill in each 
song recorded from a population of Lincoln's sparrows at Molas Pass, CO (Appendix 1). From 
these songs, I selected from each of six different males three songs, with each song consisting of 
four trills with similar mean trill rates and performances. I generated treatment song files 
containing all 18 songs by generating two identical digital copies of each song. From one copy, I 
cut 15 ms of silence between each syllable of each trill (high performance treatment) and pasted 
it into the corresponding inter-syllable space in the other copy (low performance treatment). 
Manipulated trills differed from each other (trill rate mean ± SEM: low performance 8.04 
± 0.23; high performance 9.76 ± 0.35; paired t-test t = 12.81, p < 0.001; trill performance: low 
performance -0.41 ± 0.014; high performance -0.37 ± 0.15; paired t-test t = 12.81, p < 0.001) and 
fell within the natural range of variation in trill rate and performance recorded for the study 
population (Fig. 1).  
Experimental Procedure 
I used eight sound-attenuation chambers each containing a cage with food cups, water 
bottles, and two perches, as well as a functioning speaker on one end of the chamber and a non-
functioning speaker on the other end (Pioneer Corp. TS-G1040R). I balanced the side with the 
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functioning speaker across the chambers and experiment treatments. I attached individual 
speakers to monoblock-amplifiers (Audiosource Amp 5.1A, Portland, OR, USA) that I interfaced 
(M-Audio Delta 1010, Irwindale, CA, USA) to a central computer (Apple Inc., Cupertino, CA, 
USA) simultaneously broadcasting low- and high-performance songs to their respective 
chambers. The eight chambers were contained in one room and I evenly interspersed the 
treatments and sexes across chambers, with one sex (one individual) and treatment per chamber. 
I switched treatment and sex assignment of the chambers across groups. Starting with the first 
group on February 10, 2013, I exposed all birds to their treatment songs (low or high trill 
performance) for one period that lasted a total of 5.25 hours.  
In order to standardize the amount of time exposed to song and allow time to collect 
brains at the conclusion of song exposure, I staggered onset of song exposure for pairs of birds 
from opposite treatments by 30 minutes. Therefore, within each group of birds, song played from 
5:35 AM – 10:50 AM for the first pair of birds and from 7:05 – 12:05 for the last pair of birds. I 
rapidly decapitated pairs of birds and collected their brains at the conclusion of the 5.25 hours of 
song playback. I fresh froze one hemisphere on dry ice and held it at -80° C until I used it to 
measure monoaminergic activity with high-performance liquid chromatography with 
electrochemical detection (HPLC-ECD). I alternated across sex and treatments in the use of the 
hemisphere. 
Quantification of Monoamines, Metabolites, and Protein 
I used a cryostat to section the fresh frozen hemisphere from each brain into 300 μm 
sections in the sagittal plane. From the 300 μm sections, I used micropunches to collect tissue in 
CMM and NCM, using Field L as a guide as described in Sewall et al. [2013]. I collected a 0.5-
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mm-diameter section from CMM and a 1-mm-diameter section from NCM. Upon collection, I 
stored tissue samples in 1.9 ml polypropylene microcentrifuge tubes at -80° C until analysis.  
When a monoamine is secreted from the pre-synaptic neuron, it is metabolized [Moore 
1986; Meiser et al. 2013]. Therefore, in addition to quantifying serotonin, dopamine, and 
norepinephrine, I also quantified their respective primary metabolites 5-hydroxyindolacetic acid 
(5-HIAA), 3,4-Dihydroxyphenylacetic acid (DOPAC), and 3-methoxy-4-hydroxy-phenylglycol 
(MHPG) as an indicator of secretion. However, since some amount of a secreted, non-
metabolized monoamine can be taken back up by the pre-synaptic neuron [Moore 1986; 
Eisenhofer et al. 2004; Meiser et al. 2013], these measurements may not capture the total amount 
of monoamine secreted.  
I used methodology described in Chapter One and by Sewall et al. [2013] to quantify 
monoamines and their metabolites by HPLC-ECD. In brief, I added 100 μl of mobile phase to 
each tissue sample tube. I sonicated tissue samples in a mobile phase solution, centrifuged them 
at 16,000 g at 4° C for 16 minutes, and then injected 10 μl of the supernatant into an HTEC-500 
stand-alone HPLC-ECD system (Eicom, San Diego, CA, USA) using a Midas autosampler 
(Spark Holland, Netherlands). The mobile phase solution was at pH 3.5 and was composed of 
citric acid (8.84 g), sodium acetate (3.10 g), sodium octyl sulfonate (215 mg), EDTA (5 mg), 
methanol (200 mL), and ultra pure water (800 mL) (Sigma-Aldrich, St. Louis, MO, USA). 
Monoamines and their metabolites were separated on an Eicompak SC-30DS column (Eicom) 
and were then passed over an electrode. The electrode maintained a potential of 750 mV against 
an Ag/AgCl reference electrode. The HPLC system determined the amount of each compound 
relative to a two point standard curve. The two standards were concentrated at 1 pg/μl and 10 
pg/μl of each of the six compounds of interest. I included with each standard and sample an 
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internal standard (1 pg/μl isoproterenol, added prior to sample processing) to control for sample 
loss during preparation. I used PowerChrom software (eDAQ, Colorado Springs, CO, USA) to 
compare the area under the curve for each compound within each sample to the area generated 
by the two standards. In all cases I used the peak area ratio function in order to account for 
variation in isoproterenol across samples. 
After determining the amount of each compound in the 10 μl of injected supernatant, I 
needed to control for variation in the amount of tissue from which the compounds were obtained. 
Therefore I dissolved the remaining tissue sample in 0.2 M NaOH (20 μl for 0.5-mm-diameter 
samples, 50 μl for 1-mm-diameter samples) and used a Bradford protein-dye binding assay 
(Quickstart Bradford Protein Assay, BioRad, Hercules, CA, USA) to measure the amount of 
protein in each tissue sample. I used bovine serum albumin as a standard and performed all 
analyses on a UQuant microplate spectrophotometer (BioTek, Winooski, VT, USA). In 
situations in which the protein assay was unreliable and I was not able to repeat it due to low 
sample volume, I followed the protocol established by Sewall et al. [2013], and estimated the 
amount of protein as the average of the amount in the other tissue samples from the same brain 
region. 
Analyses 
The main goal of the study was to understand the influence of treatment and sex on 
monoaminergic activity in the auditory system. I ran separate analyses for each monoamine and 
for each metabolite in each region of the auditory telencephalon in order to determine how 
treatment and sex influenced monoaminergic activity within each region. For all analyses of 
monoamine amount, I used linear mixed effects models and included compound concentration as 
the dependent variable and log-transformed the values for normality unless otherwise noted. I 
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included treatment, sex, and their interaction as the independent variables. I included chamber as 
a random intercept and as a random coefficient for sex and treatment. I was unable to target 
CMM and NCM in tissue from one female (N = 12 females).  
I analyzed male and female behavioral responses to song in separate mixed effects 
models. I quantified female behavioral response to the treatment songs by measuring female time 
on the side of the chamber nearest the speaker broadcasting song during the three minutes 
immediately proceeding the onset of playback (baseline behavior) and during the three minutes 
immediately following the onset of playback (phonotaxis behavior). I included baseline behavior 
as a covariate and used a linear mixed effects model to analyze female phonotaxis behavior. I 
failed to measure behavioral data from one female (N = 12 females). I quantified male behavioral 
response to the treatment songs by recording male song during playback. Song output was 
abnormal and was low across most males, therefore, I analyzed male behavior as the propensity 
to sing or not during the playback, and I used a mixed-effects model with a binomial error 
distribution to determine if the treatments influenced a male’s propensity to sing. In both 
analyses, I included the female or male behavior as the dependent variable, treatment as the 
independent variable and sound chamber as a random intercept. I fit all models using the R 
package lme4 [Douglas Bates 2015], and used Satterthwaite approximations for degrees of 
freedom for F tests of linear mixed effects models. I used R version 3.2.2 for all analyses [R 
Core Team 2015]. 
RESULTS 
For CMM, I found an interactive effect of treatment and sex on serotonin levels (Table 1, 
Figure 2). However, although females differed more strongly in their response to the treatment 
songs than males, post-hoc analyses failed to reveal an influence of treatment on either females 
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or males (females: F1,10= 3.28, p = 0.10; F1,8.66= 0.26, p > 0.2). I did not find an effect of 
treatment, sex, or an interactive effect on 5-HIAA, norepinephrine, dopamine or their metabolites 
(Table 1).  
For NCM, there was an interactive effect of treatment and sex on 5-HIAA (treatment X 
sex: F1,17.12= 5.5, p = 0.031). However, one male in the high-performance treatment had 5-HIAA 
greater than two standard deviations above the mean. When this data point was omitted from the 
analysis there was no longer a significant interactive effect between treatment and sex for 5-
HIAA (Table 2). There was a trend for an interactive effect of treatment and sex on serotonin 
(Table 2). There was also a significant interactive effect of treatment and sex on MHPG (Table 2, 
Figure 3a), as well as an interactive effect of treatment and sex on norepinephrine (treatment X 
sex: F1,14.3= 8.33, p = 0.012 ). Again, there was one male in the high-performance treatment with 
norepinephrine greater than two standard deviations above the mean, but after removal of this 
data point, the interaction between treatment and sex was still significant (Table 2, Figure 3b).  
Post-hoc analyses in NCM revealed that there was a trend for females in the high-
performance treatment to have lower levels of 5-HIAA compared to females in the low-
performance treatment (Est. ± SEM: Intercept (Low) = 8.05 ± 0.17, High = -0.45 ± 0.21, F1,5.6= 
4.80, p = 0.074). Females in the high-performance treatment also had lower amounts of 
norepinephrine and its metabolite than females in the low-performance treatment 
(norepinephrine: Est. ± SEM: Intercept (Low) = 8.42 ± 0.21, High = -0.66 ± 0.25, F1,5.6= 6.84, p 
= 0.042; MHPG (square-root transformed) : Est. ± SEM: Intercept (Low) = 24.10 ± 2.89, High = 
- 9.72 ± 4.08, F1,10= 5.67, p = 0.039). For norepinephrine, MHPG, and 5-HIAA, the treatments 
were indistinguishable for males, with and without the inclusion of the outlier (p > 0.2). I did not 
find an effect of treatment, sex, or an interactive effect on dopamine or its metabolite (Table 2). 
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There were no effects of treatment or baseline behavior on female phonotaxis behavior 
during the three minutes immediately following the onset of treatment song playback (treatment: 
F1,9= 0.10, p > 0.2; baseline: F1,9= 0.81, p > 0.2). There was also no effect of treatment on male’s 
propensity to sing during the 5.25 hours of song exposure (binomial mixed effects model (z = 
1.49, p = 0.14).  
DISCUSSION 
This study tested the hypothesis that the sexes differ in the auditory system's 
monoaminergic response to variation in social signals. I found detectable differences in 
monoaminergic responses to song performance in female Lincoln’s sparrows but not males. 
Females and males differed in the influence of the treatments on serotonin in CMM, and there 
was a trend for females exposed to the high- compared to low-performance songs to have lower 
levels of 5-HIAA in the NCM. Females exposed to the high-performance songs had lower levels 
of noradrenergic activity in NCM compared to females exposed to the low-performance songs. 
Males from the two treatments did not reliably differ in the levels of any of the monoamines. 
Notably, I did not detect an overall effect of sex on monoaminergic activity. That is, females and 
males did not differ from each other in levels of monoamines and metabolites within the auditory 
telencephalon. Rather, females differed in their monoaminergic response to the song 
performance environments, while any difference for males was not significant. These results 
suggest that norepinephrine and potentially serotonin in the auditory telencephalon respond to 
differences in trill performance more strongly in females than males.  
Several studies have detected sex differences in song perception and in brain regions that 
regulate song perception and production [Williams 1985; Cynx and Nottebohm 1992; Negro et 
al. 2000; Del Negro and Edeline 2001; Gall et al. 2013]. The most apparent of these brain 
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differences are sexual dimorphisms in the size and composition of the song control nuclei, which 
regulate song learning and production and are typically larger in males [Nottebohm and Arnold 
1976; Arnold 1992; Ball and Macdougall-Shackleton 2001; Jarvis 2004; Ball 2016]. However, 
researchers have also detected sex specific gene expression and protein levels in the songbird 
auditory system and in auditory perception [Phillmore et al. 2003; Ikebuchi et al. 2003; Pinaud et 
al. 2006; Krentzel and Remage-Healey 2015]. Similar to the current study, many of these studies 
show female biased sensitivity to songs or calls. For example, song type modulates gene 
expression in the NCM of female, but not male, zebra finches (Taeniopygia guttata)[Gobes et al. 
2009], and song type modulates heart rate in female, but not male, Bengalese finches (Lonchura 
striata) [Ikebuchi et al. 2003]. These findings fit theoretical work predicting that for females, 
mis-identifying or failing to discriminate between male songs could be more costly than for 
males [Searcy and Brenowitz 1988; Searcy 1992]. However, previous behavioral studies indicate 
that both female and male Lincoln’s sparrows are sensitive to variation in trill performance [Caro 
et al. 2010; Lyons et al. 2014; Chapter One; Chapter Two]. Future studies are necessary to 
determine how the current study’s findings of sex differences in monoaminergic sensitivity to 
trill performance relates to auditory perception.  
Previous studies found that a female’s experience with more attractive compared to less 
attractive song increased neural selectivity for male song in the European starling (Sturnus 
vulgaris)[Sockman et al. 2002; Sockman et al. 2005] and increased behavioral selectivity for 
male song in the Lincoln’s sparrow [Lyons et al. 2014], suggesting that long-term experience 
with a social environment composed of attractive songs increases female discrimination of song 
attractiveness [Bateson and Healy 2005; Sockman 2007; Lyons et al. 2014]. In addition, in both 
European starling females and males and in Lincoln’s sparrow males, monoaminergic activity in 
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CMM and NCM was higher following one week of exposure to high-quality songs compared to 
low-quality songs [Sockman and Salvante 2008; Salvante et al. 2010; Sewall et al. 2013], raising 
the hypothesis that monoamines mediate the influence of the social environment on neural and 
behavioral responsiveness to song in both females and males [Sockman 2007; Salvante et al. 
2009; Sewall et al. 2013]. In contrast to the previous studies, in the current experiment, females 
exposed to high- compared to low-performance songs tended to have lower levels of serotonin 
activity and had lower levels of norepinephrine activity in the auditory telencephalon, and I 
could not distinguish between song environments for monoamine levels in males. However, 
there are several methodological differences between the current and previous studies, which 
measured monoamine levels and behavior in birds on the morning following one week of 
exposure to songs, rather than at the end of one morning [Sockman et al. 2002; Sockman and 
Salvante 2008; Salvante et al. 2009; Sewall et al. 2013]. Future studies that track the change in 
both behavioral discrimination and monoamine levels over the course of exposure to different 
social environments will further elucidate how the social environment modulates behavioral and 
neuroplasticity.  
There was an interactive effect of treatment and sex on serotonin in the CMM, with 
females differing more strongly (though not significantly) in their serotonergic response to the 
treatments than males. In addition, females in the high-performance treatment tended to have 
lower levels of 5-HIAA in NCM compared to females from the low-performance treatment. 
Serotonin may be an important modulator of auditory sensitivity [Hurley et al. 2004; Shepard et 
al. 2013]. Researchers have made great strides in understanding the modulatory effects of 
serotonin in the mammalian auditory system [Hurley and Hall 2011]. In bats, addition of 
serotonin to the auditory midbrain decreases responses to conspecific vocalizations in most 
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neurons, but enhances the response in a select number of neurons. This results in a population 
level increase in selectivity of response to conspecific vocalizations [Hurley and Pollak 2005]. 
This finding fits within a larger body of evidence that serotonin influences frequency tuning of 
auditory neurons by selectively enhancing or depressing responses to auditory signals [Hurley 
and Pollak 1999, 2001; Hurley et al. 2002]. Less research has focused on the role of serotonin in 
songbird audition and perception. However, in female white-throated sparrows (Zonotrichia 
albicollis), serotonin activity and innervation patterns in the auditory telencephalon are hormone 
dependent [Matragrano et al. 2012b]. In addition, exposure to salient stimuli such as song 
(compared to tones) or high-quality song (compared to low quality) increases serotonin activity 
in the auditory telencephalon of both female white-throated sparrows and male European 
starlings [Salvante et al. 2009; Matragrano et al. 2012b]. Therefore, serotonin in the auditory 
telencephalon could potentially modulate perceptual and behavioral responsiveness to high- 
compared to low-performance songs. 
Females from the high-performance treatment had lower levels of both norepinephrine 
and MHPG in NCM compared to females exposed to the low-performance treatment. The 
decrease in both compounds suggests that within the NCM both synthesis and secretion of 
norepinephrine was lower in the females from the high-performance group, indicating a lower 
level of activity overall [Moore 1986]. Norepinephrine regulates arousal, attention, and goal 
directed behavior by enhancing responses to salient stimuli and suppressing responses to non-
salient stimuli [Berridge and Waterhouse 2003; Aston-Jones and Cohen 2005; Sara 2009]. In 
female songbirds, norepinephrine mediates mate choice, likely by modulating attention and goal 
directed behavior [Castelino and Schmidt 2010]. Disruption of the noradrenergic system 
decreases female behavioral [Appeltants et al. 2002; Vyas et al. 2008; Pawlisch et al. 2011] and 
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neural [Lynch and Ball 2008] preference for sexually stimulating, socially salient songs and 
increases overall sexual receptivity [Riters and Pawlisch 2007].  
Similar to its effects in other sensory systems and other taxa e.g. [Foote et al. 1975], the 
addition of norepinephrine to auditory neurons in the songbird auditory system decreases 
spontaneous firing but maintains the stimulus-evoked response. This sharpens the response to 
and detection of auditory signals [Cardin and Schmidt 2004; Ikeda et al. 2015]. In addition, 
norepinephrine increases encoding accuracy of NCM neurons, likely through its suppression of 
spontaneous firing [Ikeda et al. 2015]. Although previous research found that norepinephrine’s 
enhancement of song-induced firing was similar across different types of song stimuli [Ikeda et 
al. 2015], an additional study found that exposure to more attractive, potentially more salient 
songs compared to less attractive songs increased levels of norepinephrine in the NCM in 
European starlings [Sockman and Salvante 2008]. However, it is important to note that 
norepinephrine also responds to salient stimuli that is aversive [Feenstra et al. 2001]. Therefore, 
regardless of its valence, the salience of auditory input could modulate the amount of 
norepinephrine released from the locus coeruleus to the NCM [Lynch et al. 2012], which could 
lead to differential responses to songs based on their salience. In the current study, noradrenergic 
activity was increased in the NCM of the low- compared to high-performance group, raising the 
hypothesis that the low-performance songs were more salient, though potentially of negative 
valence, than the high-performance songs.  
Despite the finding that females exhibited monoaminergic differences following exposure 
to the trill performance treatments, I did not detect behavioral differences in female response to 
the treatments. It is difficult to speculate on the reason for the lack of a treatment effect. Previous 
studies in this species detected female preference for songs of high trill performance compared to 
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songs of low performance [Caro et al. 2010; Lyons et al. 2014]. The behavioral results from 
these previous studies, combined with the monoaminergic results from the current study suggest 
that female Lincoln’s sparrows generally discriminate between trill performances of male song. 
In addition, Lyons et al. [2014] used a similar experiment design to quantify female behavioral 
response to treatment songs, suggesting that it is possible to measure song preference using this 
design.  
I did not detect differential monoaminergic or behavioral response to the treatment songs 
in males in the current study. These behavioral and neural results are in contrast to previous 
studies that measured song output and monoaminergic activity in male Lincoln’s sparrows and 
European starlings after one week of exposure to more- or less-challenging songs [Salvante et al. 
2009; Sewall et al. 2013]. In those studies, males exposed to the more-challenging songs sang 
more during and after song exposure and had higher levels of MHPG in CMM compared to 
males exposed to less-challenging songs [Salvante et al. 2009; Sewall et al. 2013]. The previous 
studies did not use variation in trill performance as its metric of song challenge. However, in 
several species, high-performance songs are more challenging for males than low performance 
songs [Podos 1997; Janicke et al. 2008; de Kort et al. 2009; Ballentine 2009; Byers et al. 2010; 
Vehrencamp et al. 2013], and free-ranging, territorial males of many species, including Lincoln’s 
sparrows, typically increase aggressive behavior in response to an intruder song that is high- 
compared to low-performance [Illes et al. 2006; Moseley et al. 2013; Chapter Three]. These 
studies indicate that males are sensitive to variation in trill performance of conspecific song, 
raising the hypothesis that neural responses other than the auditory monoamines differed 
between the treatments. In addition, it is possible that the males’ monoaminergic response to trill 
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performance occurs on a time-scale that differs from the one I measured (after 5.25 hours of song 
exposure).  
Central monoamines are powerful neuromodulators that integrate information about the 
external environment with information about the internal environment and modulate synaptic 
connections [Gu 2002; Briand et al. 2007]. In songbirds, both the salience and valence of song in 
the external environment and the state of the internal environment differ in reproductively ready 
females and males [Searcy and Brenowitz 1988; Nowicki and Searcy 2006]. Therefore, the 
interactive effect of sex and social environment on monoaminergic activity in the auditory 
telencephalon, as detected in the current study, likely reflects these external and internal 
differences. Future studies that measure sex differences in discrimination of song after 
manipulating the serotonergic system in CMM or the noradrenergic system in NCM of females 
and males will further elucidate the role that these systems play in mediating auditory 
neuroplasticity in response to the social environment.  
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TABLE AND FIGURE LEGENDS 
Table 5.1. Influence of treatment and sex on monoamines and their metabolites in the CMM of 
females and males exposed to low- or high-performance song. Females and the low-performance 
treatment were coded as 0. 
Table 5.2. Influence of treatment and sex on monoamines and their metabolites in the NCM of 
females and males exposed to low- or high-performance song. Females and the low-performance 
treatment were coded as 0. 
Figure 5.1. Plot of relationship between frequency bandwidth and trill rate for treatment songs in 
comparison to songs recorded from males in the field. 
Figure 5.2. Influence of treatment and sex on amount of serotonin in the CMM.  
Figure 5.3. Influence of treatment and sex on amount of (a) norepinephrine and (b) MHPG in the 
NCM.  
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Table 5.1 Effects of treatment on monoamines in CMM 
Term Est. SEM Denom.  DF F P 
Serotonin      
Intercept 9.97 0.17    
Treatment -0.78 0.25 8.95 6.46 0.031 
Sex -0.39 0.29 6.81 0.06 > 0.2 
Treatment X Sex 0.65 0.27 19.96 5.69 0.027 
Serotonin Metabolite     
Intercept 7.62 0.41    
Treatment 0.06 0.43 6.65 0.12 > 0.2 
Sex 0.30 0.37 5.89 1.24 > 0.2 
Treatment X Sex 0.15 0.29 15.88 0.27 > 0.2 
Dopamine* 
Intercept 34.60 4.37    
Treatment -7.57 6.77 7.24 1.61 > 0.2 
Sex -4.50 6.60 7.64 0.38 > 0.2 
Treatment X Sex 2.06 7.26 13.29 0.08 > 0.2 
Dopamine Metabolite 
Intercept 4.14 1.37    
Treatment -0.39 1.48 8.22 0.001 > 0.2 
Sex 0.98 1.93 6.84 0.61 > 0.2 
Treatment X Sex 0.73 1.78 17.64 0.17 > 0.2 
Norepinephrine* 
Intercept 48.96 6.99    
Treatment 12.18 8.17 22.29 3.05 0.10 
Sex -5.09 9.26 7.49 1.12 > 0.2 
Treatment X Sex -6.20 10.17 21.20 0.37 > 0.2 
Norepinephrine Metabolite 
Intercept 3.86 1.52    
Treatment 0.78 1.38 8.68 0.27 > 0.2 
Sex 2.26 1.58 6.68 0.49 > 0.2 
Treatment X Sex -2.61 1.45 17.87 3.26 0.09 
* Square root transformed  
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Table 5.2 Effects of treatment on monoamines in NCM 
Term Est. SEM Denom.  DF F P 
Serotonin      
Intercept 9.75 0.25    
Treatment -0.39 0.35 12.97 0.03 > 0.2 
Sex -0.47 0.35 8.96 0.02 > 0.2 
Treatment X Sex 0.86 0.43 18.94 4.03 0.06 
Serotonin Metabolite*     
Intercept 7.60 0.16    
Treatment 0.46 0.23 13.70 3.04 0.10 
Sex 0.27 0.22 8.16 0.19 > 0.2 
Treatment X Sex -0.39 0.28 21.93 1.92 0.18 
Dopamine 
Intercept 8.25 0.46    
Treatment -0.88 0.65 20.49 2.66 0.12 
Sex 0.004 0.59 22.77 0.24 > 0.2 
Treatment X Sex 0.40 0.83 21.53 0.23 > 0.2 
Dopamine Metabolite 
Intercept 7.19 0.57    
Treatment -0.51 0.85 9.73 1.02 > 0.2 
Sex 0.04 0.82 9.51 0.02 > 0.2 
Treatment X Sex -0.25 0.99 19.01 0.06 > 0.2 
Norepinephrine* 
Intercept 8.44 0.23    
Treatment -0.66 0.30 6.29 1.79 > 0.2 
Sex -0.70 0.24 11.04 3.75 0.08 
Treatment X Sex 0.74 0.34 14.51 4.82 0.045 
Norepinephrine Metabolite 
Intercept 6.34 0.36    
Treatment -1.51 0.67 7.96 1.58 0.24 
Sex -0.19 0.55 8.51 2.03 0.19 
Treatment X Sex 1.69 0.66 21.63 6.49 0.01 
*removed one outlier (male from high-performance treatment) 
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Figure 5.1 Treatment songs compared to the population of songs 
 
 
 
 
Figure 5.2 Effects of sex and treatment on serotonin 
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Figure 5.3 Effects of sex and treatment on noradrenergic activity 
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CHAPTER SIX: CONCLUSIONS 
Much of the research in behavioral neuroscience utilizes simple and discrete stimuli to 
understand how sensory systems process signals. These types of studies can provide 
unambiguous results and are useful for directly determining the mechanisms of a particular 
sensory system [Bao et al. 2001; Woolley 2012]. However, animals evolve, develop, and 
communicate in highly complex and nuanced environments [Fawcett et al. 2014]. To identify 
and understand the neural mechanisms that underlie natural behaviors, it is necessary to study 
neural responses to ecologically relevant stimuli [Healy et al. 2009; Woolley 2012; Fawcett et al. 
2014].  
In this dissertation, I used an ecologically relevant framework to test the response of 
social behavior and central monoamines to experience with a social signal that is both complex 
and nuanced [Vehrencamp 2000]. The results presented herein indicate that throughout their 
lives, Lincoln’s sparrows modulate their behavior in response to variation in trill performance in 
the social environment. Moreover, I found that trill performance influenced monoaminergic 
activity in the auditory forebrain, which is consistent with the hypothesis that auditory 
monoamines mediate the effects of trill performance on behavior by modulating perceptual 
sensitivity to song [Sockman 2007b; Maney 2013; Ikeda et al. 2015]. The observed sensitivity to 
trill performance is likely adaptive in Lincoln’s sparrows, where trill performance of the 
prevailing social environment varies annually [Sockman 2009]. By couching neural 
measurements in a framework that utilizes a naturally varying aspect of the social environment 
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as the stimulus, this research enhances our understanding of how individuals interact with their 
social world on both a proximate and ultimate level [Healy et al. 2009; Fawcett et al. 2014].  
In Chapter Two I found that exposure to high- compared to low- performance songs 
during development elevated both trill rate and trill performance in adult males. This result 
indicated that males attended to trill rate and trill performance of songs they learned during 
development [Podos et al. 2009]. Trill performance is potentially an honest indicator of male 
competitive quality [Moseley et al. 2013], suggesting that males should be constrained in their 
ability to elevate trill performance. However, previous studies show that males can improve trill 
performance as they age, potentially through increased practice [Ballentine 2009; Vehrencamp et 
al. 2013]. In addition, through its relationship with bill shape, both developmental [Sockman 
2012] and adult [Sockman 2009] resource levels potentially influence trill performance in 
Lincoln’s sparrows. Therefore, enhanced levels of practice as well as ad libitum food supply in 
the lab could have facilitated the ability of males to learn songs of high trill performance during 
development.  
In Chapter Three I found that territorial adult males also modulated their trill 
performance in response to the trill performance of intruder songs. This finding suggests that 
males are flexible in trill performance throughout life [DuBois et al. 2009]. However, in contrast 
to the pattern that I found for the developmental study [Chapter Two], when I exposed territorial 
adults to high- compared to low-performance songs, males decreased rather than increased their 
trill performance. Furthermore, adults decreased trill performance by decreasing frequency 
bandwidth, but did not modulate trill rate. High-performance songs do not serve as a territorial 
threat to developing males as they do to adult males [Templeton et al. 2010; Templeton et al. 
2012]. Therefore, the valence of high-performance songs may differ between developing and 
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adult males. In addition, during development males are plastic in their ability to invest in sensory 
and motor structures [Podos et al. 2004; Shepard et al. 2013]. Therefore, while males that 
developed in the high-performance social environment may have been capable of learning songs 
with an elevated trill rate [Ballentine 2009], territorial adult males had likely crystallized their 
repertoire of songs, and were potentially no longer capable of modulating trill rate. In order to 
elevate trill performance in response to the adult intruders, territorial males in the current study 
appeared to switch to songs that contained syllable types with a large frequency bandwidth 
[Cardoso et al. 2007; Cardoso et al. 2012].  
In Chapter Four I found that females, like males, discriminated between songs of low compared 
to high trill performance. Females also modulated their behavioral response to subsequent novel 
songs based on previous exposure to trill performance, suggesting that experience with trill 
performance modulated females’ perceptions of songs. This result suggests that females use 
contrasts when evaluating a song’s attractiveness [Collins et al. 2006]. Females may have 
overvalued the novel song’s performance when it was in contrast to songs of low performance 
and/or may have undervalued the same novel song when it was in contrast to songs of high 
performance [Flaherty 1996]. The ability of females to adjust their perception of song 
attractiveness can ensure that females will remain receptive to lower performance songs when 
songs in the prevailing social environment are low performance. At the same time, use of 
contrasts will allow females to maintain selectivity when the prevailing social environment 
contains high-performance songs [Sockman et al. 2002; Sockman et al. 2005; Sockman 2007a]. 
The treatment songs could have modulated female attraction to the novel song by modulating the 
threshold for song attractiveness, as would be suggested by mate sampling strategy that uses a 
mate-quality threshold to chose a mate. Alternatively, some theory predicts that females could 
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use a best-of-n-males strategy to choose a mate. In this case, females would not necessarily 
adjust their threshold for mate attractiveness, but would simply mate with the most attractive of 
the encountered males [Janetos 1980; Real 1990]. In the current study, it is not possible to 
determine whether females actually modulated their threshold of attractiveness or chose from the 
most attractive of the sequentially presented options.  
In addition to its influences on behavior, the social environments influenced 
monoaminergic activity in the auditory telencephalon of both males and females. Together, these 
findings are consistent with the hypothesis that auditory monoamines mediate the effects of the 
social environment on sensory perception and social behavior.  However, the results were not 
consistent across studies. In Chapter Two I found that during development, males exposed to the 
high-performance environments had higher levels of dopaminergic activity in the auditory 
telencephalon than males from the low-performance environment. However, following the 
exposure to songs of intermediate performance in adulthood, males that developed in the high- 
compared to low-performance environment had lower levels of noradrenergic activity in the 
auditory telencephalon. The monoaminergic measurements in the adult males suggest that the 
effects of the developmental environment on dopaminergic activity are not permanent [Harding 
et al. 1998], but that the developmental environments potentially caused long-term changes to 
noradrenergic activity. An additional hypothesis is that the modulation of norepinephrine in 
adulthood was due to perceptual differences in response to the intermediate performance songs. 
Regardless, these finding indicate long-term effects of the developmental treatments on the 
auditory system.  
In Chapter Two I found that trill performance influenced monoamines in juvenile and 
adult males when the exposure to songs occurred during development. In contrast, in Chapter 
	
122	
Five I found that exposure to trill performance in adulthood did not reliably influence 
monoamines in the auditory telencephalon of adult males. The lack of an effect of trill 
performance on monoamines in adult males was surprising. Other studies indicate that song in 
the social environment does influence monoaminergic activity in the auditory telencephalon of 
adult males [Salvante et al. 2010; Sewall et al. 2013], and in Chapter Three I showed that 
exposure to songs of high- or low performance influenced aggressive behavior and song 
performance in wild males. However, the lack of an effect of trill performance on monoamines 
in the adult males does not necessarily indicate that the males were not responsive to trill 
performance. The song treatments may have influenced neural responses other than the 
monoaminergic response [e.g. Sewall et al. 2010]. In addition, I cannot rule out the possibility 
that the song exposure influenced monoamines in the auditory telencephalon, but on a timescale 
that differed from the one I tested.  
In Chapter Five I did find that trill performance in the adult social environment affected 
monoamines in the female auditory telencephalon. Females exposed to high-compared to low-
performance songs had lower levels of noradrenergic activity and tended to have lower levels of 
serotonergic activity in the auditory telencephalon. These findings are consistent with the 
hypothesis that monoamines in the auditory telencephalon could mediate the effects of contrast 
on female attraction to song [Sockman 2007b; Castelino and Schmidt 2010]. For example, 
increased levels of noradrenergic activity in the NCM in response to prolonged exposure to low- 
compared to high-performance songs should enhance the signal to noise ratio of auditory 
forebrain responsiveness to songs [Ikeda et al. 2015], which in turn might enhance behavioral 
responsiveness to songs.  
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Monoamines act as neuromodulators by integrating information about an organism’s 
internal state with information in the external environment. Dopamine, norepinephrine, and 
serotonin mediate neuroplasticity and modulate neural sensitivity to auditory signals [Bao et al. 
2001; Hurley et al. 2004; Castelino and Schmidt 2010; Hurley and Hall 2011; Ikeda et al. 2015]. 
Therefore, together or separately, these monoamines could act in the auditory telencephalon of 
male and female Lincoln’s sparrows to integrate information about trill performance in the social 
environment and to change subsequent auditory sensitivity to songs, thus modulating behavior 
by modulating perception of or responsiveness to song. However, in order to fully test this 
hypothesis, it will be necessary to manipulate monoamines in the auditory telencephalon. For 
example, lesions to dopaminergic neurons specifically within CMM [Hoffmann et al. 2016] 
during developmental exposure to song could help determine if developmental dopamine 
modulates development of the auditory telencephalon in a way that affects adult trill rate and 
performance. Similarly, local administration of norepinephrine in NCM [Ikeda et al. 2015] 
would allow researchers to test the hypothesis that norepinephrine mediates the effects of the 
social environment on perceptual sensitivity to song performance in female Lincoln’s sparrows.  
Bird song is a well-studied and well-understood example of complex communication. 
Research on the neurobiology of song processing and production, set within the rich framework 
of research on bird song, can contribute to our understanding of how the social environment 
modulates learning and communication. Indeed studies suggest that monoamines play a role in 
perception, song learning, production and neural plasticity. This dissertation provides a 
behaviorally relevant context in which to examine how the brain responds to information about 
the social environment during development and in adulthood. 
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APPENDIX 1: CALCULATION OF TRILL PERFORMANCE USING UPPER BOUND REGRESSION 
 A trill is a rapidly repeated syllable in a song. Trill performance defines the relationship between 
the rate with which the individual syllables of a trill are produced and the frequency bandwidth of those 
syllables. Current hypotheses suggest that variation in trill performance results from a biomechanical 
constraint between producing syllables that span a broad frequency bandwidth and producing syllables 
that are rapidly repeated [Podos 1997; Wilson et al. 2014]. High performance trills maximize both trill 
rate and frequency bandwidth. 
 From 2005-2015 at Molas Pass, CO, our lab recorded 6,866 Lincoln's sparrow songs as described 
in [Sockman 2009]. For each of the more than 30,000 trills in these songs, we determined trill rate and 
frequency bandwidth using the software Raven Pro (v. 1.5, Cornell Laboratory of Ornithology, Ithaca, 
NY, USA). Specifically, the software calculates the duration and frequency bandwidth of the middle 90% 
of sound energy of the area of the trill we specified, which, for each trill, was all except the final syllable. 
Excluding the final syllable circumvents the problem of uncertainty in where a trill ends and the next 
phrase of the song begins. We then calculated trill rate as 1 less than the number of syllables in the trill 
divided by the duration described above (in sec). 
 I next plotted each trill’s frequency bandwidth against the trill rate (Figure 1). This plot followed 
a triangular distribution of points, suggesting a trade-off between trill rate and frequency bandwidth 
because only low frequency bandwidths occurred at the highest trill rates and only low trill rates occurred 
at the highest frequency bandwidths [Podos 1997; Sockman 2009]. Trill rates ranged from 1.5 – 44 
syllables/sec. I extended the range from 0 – 45 syllables/ sec, and divided the trill rate axis into nine bins 
of 5 syllables/sec each. From each bin, I then selected the trill with the largest frequency bandwidth. I 
used these nine trills to calculate the upper bound regression of the relationship between trill rate and 
frequency bandwidth [Podos 1997; Sockman 2009] (Figure 1). The upper bound regression estimates the 
upper boundary of the relationship between frequency bandwidth and trill rate. The slope of this line was 
significantly negative (df = 7, t = 10.14, p < 0.001, Figure 1). The formula for the line was: 
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  𝑦 =  −0.057𝑥 + 3.53 
 I then determined each trill’s performance as the orthogonal distance of the trill from the 
upperbound regression line, using the slope and y-intercept for the upperbound regression indicated above 
and the bandwidth and trill rate values of each trill. Trills that fell farther below the regression line had 
more negative trill performance values and indicated a poorer trill performance. From our field 
recordings, the range of trill performance was –2.92 to 0.29. The formula to calculate orthogonal distance 
was: (0.057 × 𝑡𝑟𝑖𝑙𝑙 𝑟𝑎𝑡𝑒) + 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ − 3.530.057! + 1  
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FIGURE LEGEND 
Figure A.1.1 Frequency bandwidth as a function of trill rate for over 30,000 trills recorded from Lincoln’s 
sparrows at Molas Pass, CO from 2005 – 2015. The red points indicate the trill with the maximum 
frequency bandwidth in each of the nine bins, with each bin spanning five syllables/sec. The regression 
line is the upper bound regression calculated from the relationship between maximum frequency 
bandwidth and trill rate (the red points). Each trill's performance was calculated as its orthogonal distance 
from the regression line, with more negative values corresponding to lower trill performance. 
 
Figure A.1.1 Upper bound regression to calculate trill performance 
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APPENDIX 2: DIGITAL MANIPULATION OF TRILL PERFORMANCE USING QUANTILE 
REGRESSION 
A trill is a rapidly repeated syllable in a song. Trill performance defines the relationship 
between the rate with which the individual syllables of a trill are produced and the frequency 
bandwidth of those syllables. Current hypotheses suggest that variation in trill performance 
results from a biomechanical constraint between producing syllables that span a broad frequency 
bandwidth and producing syllables that are rapidly repeated [Podos 1997; Wilson et al. 2014]. 
High performance trills maximize both trill rate and frequency bandwidth. 
From 2005-2011 at Molas Pass, CO, we recorded 6,866 Lincoln's sparrow songs as 
described in [Sockman 2009]. For each of the more than 20,000 trills in these songs, we 
determined trill rate and frequency bandwidth using the software Raven Pro (v. 1.5, Cornell 
Laboratory of Ornithology, Ithaca, NY, USA). Specifically, the software calculates the duration 
and frequency bandwidth of the middle 90% of sound energy of the area of the trill we specified, 
which, for each trill, was all except the final syllable. Excluding the final syllable circumvents 
the problem of uncertainty in where a trill ends and the next phrase of the song begins. We then 
calculated trill rate as 1 less than the number of syllables in the trill divided by the duration 
described above (in sec). 
We next plotted each trill’s frequency bandwidth against the trill rate (Figure S1). This 
plot followed a triangular distribution of points, suggesting a trade-off between trill rate and 
frequency bandwidth because only low frequency bandwidths occurred at the highest trill rates 
and only low trill rates occurred at the highest frequency bandwidths [Podos 1997; Sockman 
2009; Wilson et al. 2014]. From this plot we calculated the regression line at the 95th percentile 
as an estimate for the upper boundary of the relationship between frequency bandwidth and trill 
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rate [Wilson et al. 2014]. The slope of this line was significantly negative (t23,271 = 10.99, p < 
0.001). The formula for the line was:  𝑦 =  −0.021𝑥 + 2.224 
 We then determined each trill’s performance as the orthogonal distance of the trill from 
the 95th percentile regression line, using the slope and y-intercept for the 95th percentile 
regression indicated above and the bandwidth and trill rate values of each trill in the following 
formula:   (!.!"# × !"#!! !"#$)!!"#$%&$'!!!.!!"!.!"#!!!  
Trills that fell farther below the regression line had more negative trill performance values and 
indicated a poorer trill performance. From our field recordings, the range of trill rate was 2.12 to 
39.75 syllables/sec and the range of trill performance was –1.73 to 1.25. 
 Using these field recordings, we selected from each of six different males three songs 
each consisting of four trills with similar mean trill rates and performances. Using Raven Pro, we 
generated two identical digital copies of each song. From one copy, we cut 15 ms of silence 
between each syllable of each trill and pasted it into the corresponding inter-syllable space in the 
other copy, effectively reducing trill rate and therefore trill performance in one copy (low 
performance) and increasing trill rate and therefore trill performance in the other (high 
performance). Manipulated songs significantly differed from each other in mean trill rate and 
performance and fell within the natural range of variation in trill rate and performance recorded 
for our study population (Table S1). 
 For the eighth day of song exposure (exposure to intermediate song), we selected two 
songs from each of two different males that were not used for the treatment songs and were of 
intermediate trill performance (song 1: trill rate mean ± SEM: 8.75 ± 0.72; trill performance 
mean ± SEM: -0.76 ± 0.11; song 2: trill rate mean ± SEM: 9.17 ± 0.83; trill performance mean ± 
SEM: -0.75 ± 0.11). 
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TABLE AND FIGURE LEGENDS 
Table A.2.1. Mean trill rate and trill performance of songs digitally manipulated to be of high 
and low trill performance. Trill performance is a relative measure determined by the distance of 
the trill from the regression line at the 95th percentile of a bivariate plot of trill frequency 
bandwidth (kHz) regressed on trill rate (syllables/sec). 
Figure A.2.1. Frequency bandwidth as a function of trill rate for over 20,000 trills recorded from 
Lincoln’s sparrows at Molas Pass, CO from 2005 – 2011. Line is a 95th percentile regression. 
Each trill's performance was calculated as its orthogonal distance below the regression line, with 
more negative values corresponding to lower trill performance. 
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Table A.2.1 Summary of treatment songs 
 N High 
(mean ± SEM) 
Low 
(mean ± SEM) 
t* p 
Trill rate 18 11.08 ± 0.34 9.97 ± 0.29 8.366 <0.001 
Trill performance 18 -0.74 ± 0.02 -0.77 ± 0.02 5.74 <0.001 
* From paired t-test 
 
 
Figure A.2.1 Quantile regression line to calculate trill performance 
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